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ABSTRACT
CHARACTERIZING THE IMPACTS OF CONTAMINANTS ON FISH EMBRYOGENESIS
AND REVEALING AN ALTERNATE MOLECULAR MECHANISM OF AHR MEDIATED
CARDIAC DEFECTS
by
CORINNA SINGLEMAN

Advisor: Nathalia Glickman Holtzman

There is a long history of damage to natural ecosystems from environmental pollution.
Many environmental contaminants are man-made and have been released with abandon over the
last 100 years including dioxins, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), and
polychlorinated biphenyls (PCBs). These chemicals act on similar cellular processes and cause
skin lesions, cancer, learning disabilities and reproductive problems in many vertebrates. There
are many studies exploring various aspects of TCDD and PCB exposure on model and wild
organisms. Few studies however, have compared effects of PCB mixtures on ecosystems to
effects of individual PCBs in the lab. The first aim of this thesis is to addresses this issue by
comparing the impacts of individual PCBs with PCB mixtures (Aroclors) in embryonic zebrafish
(Danio rerio). Further, few studies compare contaminant-derived defects in a lab model to a wild
species living in contaminated waterways. Aim 2 contrasts cardiac defects seen in the lab model
zebrafish to Atlantic sturgeon (Acipenser oxycrinchus oxyrinchus) an endangered fish native to a
contaminated ecosystem. Finally, little is known of the cellular and molecular mechanisms
governing heart defects caused by contaminant exposure. Aim 3 identifies part of the mechanism
contributing to heart defects in zebrafish and Atlantic sturgeon. This thesis aims to fill these gaps
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and clarify how TCDD and PCBs impact zebrafish and Atlantic sturgeon during early
development.

Aim 1: “Toxic effects of PCB congeners and Aroclors on zebrafish growth and development”
-

Hypothesis: PCB congeners, PCB 104 and PCB 126, produce more severe defects in early
zebrafish development than Aroclors

-

Methods: Gross morphological abnormalities early in development were observed.
Embryos treated with sublethal concentrations of PCBs and Aroclors were assessed for
organ defects and quantified. Surviving embryos were raised to adulthood during which
time growth and survival at regular intervals were measured

-

Conclusion: While gross morphological impacts were variable by contaminant and
concentration, overall, the highest concentrations of exposure resulted in the most severe
phenotypes. Organ defects in the cardiovascular and digestive systems were observed in
some PCB exposures: PCB 126 elicited the most severe phenotypic responses. PCBs and
Aroclors increased mortality, however, interestingly growth of surviving PCB and Aroclor
exposed fish did not differ from controls.

Aim 2: “Similarities of the impact of dioxin-like compounds on early heart
development in the endangered Atlantic sturgeon and the lab model zebrafish”
-

Hypothesis: Atlantic sturgeon treated with TCDD, PCB 126 and an Aroclor mixture will
develop cardiac defects similar to those seen in zebrafish.

-

Methods: Zebrafish and Atlantic sturgeon embryos were exposed to six concentrations of
each toxin, with associated controls for 24 hours during gastrulation and neurulation. To
v

specifically visualize the heart, stage-matched Atlantic sturgeon larvae collected 1 day post
hatching and zebrafish embryos collected at 3 days post fertilization were analyzed using
immunohistochemistry. Heart morphometrics were measured through image analysis to
quantify contaminant effects during cardiac looping and ballooning in both species.
-

Conclusion: There are parallels in normal heart development in these different species as
well as similarities in response to contaminant exposure. In both TCDD and PCB 126
exposed zebrafish and Atlantic sturgeon there is a decrease of curvature in the heart with
increasing dose. Conversely, Aroclor treated fish do have properly curved hearts in both
species, but the heart chambers do not balloon as well in hearts exposed to higher
concentrations.

Aim 3: “TCDD and PCB 126 derived embryonic cardiac defects result from a novel AhR
pathway”
-

Hypothesis: TCDD or PCB 126-activated AhR phosphorylates of Src which
phosphorylates of the gap junction protein VEcadherin leading to separation of endothelial
cells.

-

Methods: Hearts were visualized using immunohistochemical staining with primary
antibodies for MF20 to mark cardiac muscle, CYP1A as a marker for AhR activation, and
an antibody specific to phosphorylated VEcadherin (pVEcad). The pVEcad antibody was
used to establish that VEcadherin is in fact phosphorylated in the same tissues impacted by
contaminant exposure, which will express CYP1A. Contaminant-exposed embryos were
treated with SU6656, an Src inhibitor, to rescue the phenotype and establish that AhR
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activation and VEcadherin phosphorylation is mediated by Src phosphorylation. These
embryos also were stained to verify changes in pVEcad expression.
-

Conclusion: Together these data support the hypothesis that Src and VEcadherin contribute
to cardiac defects seen in fish exposed to TCDD and PCB 126 through a novel AhR
pathway, which is unique from the canonical AhR pathway ending in the expression of
cyp1A.

In summary, these Aims successfully explored the impacts of contaminants on two distantly
related fish species. This body of data provides needed comparisons within the developmental
and ecotoxicological fields comparing individual PCBs with PCB mixtures. Further, the first two
aims establish direct connections between two highly evolutionarily divergent fish species,
zebrafish and Atlantic sturgeon, which increases our confidence in using zebrafish as a model for
cardiac defects in wild species. The final aim establishes a novel mechanism of AhR derived
cardiac defects not previously explored.
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Chapter 1: Introduction
1.1 General Introduction
Toxic contaminants are a source of major concern for aquatic ecosystem health around
the world. Many persistent environmental contaminants pose health and survival hazards for
animals exposed to polluted water and sediments. Human history is replete with examples of
environmental exploitation and damage. Many man-made wastes have been identified as
pollutants that contaminate waterways and local landmasses and as technologies grow and
change, so do the discarded products. These contaminants have caused much harm to ecosystems
and only in the recent century has humanity begun to consider the consequences of waste
disposal, not just on the environment, but on the biological processes in plants and animals,
including humans. Among the many pollutants to be released into the world with little foresight
were 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and polychlorinated biphenyls (PCBs).
While many organic contaminants have limited water solubility causing them to be
removed from the water column, they accumulate in the river sediment, and cause harm to fish
eggs that sink through the water column into the sediment, impacting benthic juveniles and
adults that consume sediments (Bopp et al., 1998; Feng et al., 1998; L. Andersson, A. H. Berg,
R. Bjerse, 2001). Many of these contaminants are lipophilic and bioaccumulate in adults.
Through maternal transfer, eggs laid in contaminated riverbeds undergo early embryogenesis and
larval maturation both containing contaminants from the mother but may also grow among
potentially toxic chemicals that influence development. Obtaining a clear understanding of how
pollutants impact developing fish is imperative for decision making for habitat restoration. An
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additional planning complexity is that contaminants can also travel great distances from the
original point of release (Van Oostdam et al., 1999).
This thesis was designed to explore the impacts of TCDD and PCBs on fish development
from the molecular to organismal level and from cellular processes to organism survival. As a
first step, this thesis explored the effects of individual PCBs and PCB mixtures exposure on
zebrafish organ development, growth and survival. The primary goal of the first aim was to
determine the impacts of different contaminants with a wide range of concentrations on
embryonic development, fish growth and survival. This study was to serve as the basis for the
following two thesis components which focused specifically on cross species comparisons of the
cellular and molecular basis of the cardiac phenotype in contaminant exposed fish, specifically
zebrafish and Atlantic sturgeon. Zebrafish are an excellent laboratory model that allows rapid
analysis; comparison of the zebrafish analysis with wild species impacted by toxins establishes
an important framework for further study. The second study in this thesis explored the
similarities between zebrafish and Atlantic sturgeon hearts exposed to TCDD, PCB 126 and PCB
mixture. Finally, the third aim investigated the mechanism eliciting cardiac defects in TCDD and
PCB 126 exposed fish that has been previously unclear.

1.2 Contaminants in the environment
TCDD and PCBs are types of the halogenated aromatic hydrocarbons (HAH), a group of
contaminants which is ubiquitous in many contaminated environments. TCDD (Fig 1.1), which
itself is a polychlorinated dibenzodioxins (PCDDs), is considered the prototypical HAH. PCDDs
are created as by-products of many industrial activities including waste incineration, metal
2
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smelting, pesticide production and burning of plastics that contained chlorinated organic
chemicals (Birnbaum, 1994; McKay, 2002). According to the EPA, dioxins in general have been
a public safety and health hazard since before the 1960s. Of all dioxins, TCDD is often
considered the most hazardous (Schecter et al., 2006).
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TCDD is a known carcinogen, plays roles in developmental defects, and disruption of
immune, endocrine, and nervous systems function, and triggers liver dysfunction in exposed
organisms (Mrema et al., 2013; McKay, 2002). Though they do not breakdown easily in the
environment, TCDDs do degrade slowly by photodegredation (Webster and Connett, 1998).
Along with limited ability of TCDD degradation, they are especially problematic biologically
since they are lipophilic and bioaccumulative. TCDD retained in fat deposits of animals that
have ingested TCDD laden prey may be consumed by other predators and TCDD can
bioaccumulate up the food chain. In fact, over 90% of human exposure is through consumption
of contaminated foods whereas inhalation and skin contact constitute only a small pathway of
exposure (Brouwer et al., 1998; Charnley and Doull, 2005; Mrema et al., 2013).
PCBs were used in industry as a lubricant, insulator, coolant and additive to pesticides
and paints among other uses. Due to their high chemical stability, they were disposed of
improperly into landfills and local waterways or soils (Faroon and Olson, 2000; Vallack et al.,
1998). During its prime usage between 1929 and the mid 1970s, PCBs were used throughout the
3

world. In the USA and UK they were sold industrially under the name Aroclor, other countries
including China, Russia, and Japan used PCBs produced more locally under other brand names.
During the 30 years of use and disposal many realized that PCBs are biologically active even if
chemically inert. In fact, PCBs have significant negative biological impacts. Associations were
made between PCB exposure and skin lesions, cancers, reproductive defects, and developmental
problems (Mayes et al., 1998; Safe, 1992; Ulbrich and Stahlmann, 2004). Following enactment
of the Clean Water Act (CWA) in 1972 and the development of the SuperFund Act (CERCLA),
many PCB contaminated areas were included in the National Priorities List (USEPA, 2011).
In the US, broad scale PCB production ceased in the 1970s, following enactment of the
CWA and the Toxic Substances Control Act. While this stopped new use of PCBs, PCBs are still
found in many pieces of equipment and significant quantities of PCB waste that had been
disposed of inappropriately by dumping in local waterways or landfills. While most countries
have banned the use of PCBs since at least the mid 1990s, as of 2001, some countries still use
PCBs including Russia, though production has ceased (Füll, 2001). In the United States, rivers
and tributaries on both coasts have been impacted by PCB contamination. Across the country
there are over 1300 Superfund sites, 67 of which have confirmed PCB contamination and many
more sites with unconfirmed PCB contamination (USEPA, 2011, 1990).
In the US, the lower Hudson River (HR) on the east coast became the country’s largest
Superfund site with over 1.3 million pounds of PCBs estimated to be in the HR. The HR, like
many rivers in the US, once teemed with fish, supporting a major fishing industry in New York.
The yield of sturgeon was over 1 million kg in the early 1900s (Bain et al. 2000; Gilbert 1989).
Overfishing and the introduction of man-made toxins into the river in the early 19th century
resulted in the catastrophic collapse of fisheries in the HR, reduced use of the river for
4

commercial and recreation purposes, and decreased ecological diversity (Bain et al. 2007, Breece
2010). Several ongoing attempts have been made by General Electric and the EPA to remove
PCB contaminated sediment of the upper Hudson River (EPA 2011). Unfortunately, based on
current data collection and modern modeling, there was a gross underestimation of the original
contamination amounts which will impact remediation work (Bopp et al., 1998; Field et al.,
2016).
Efforts in ecosystem remediation, including fishing limits and removal of contaminants
by dredging, have led to the slow resurgence of once populous aquatic species, including
sturgeon, leading to the need for clarification of biological consequences of low to moderate
PCB contamination (USEPA, 2011). With the continued contamination of the river, the
increasing fish populations are still in jeopardy due ongoing contaminant exposure. Indeed,
within less than 100 years of contamination, there has already been population decline in many
species, possibly due to environmental contamination. Contaminants activating the AhR pathway
have led to a higher proportion of Atlantic tomcod population with mutations in this receptor.
Jointly, the instances of liver cancer in fish living in contaminated waters is reduced in fish with
mutant AhR compared to tomcod with the wildtype AhR (Wirgin et al., 2011).
PCBs are a group of closely related man-made chemicals initially developed in 1881. The
chemical structure of all PCBs includes a base structure of two phenyl rings with varying
numbers of chlorine atoms bound to varying positions (ortho, meta, or para) on the biphenyl
rings (Fig 1.2). Each of the 209 theoretical congeners of PCBs differs in the number and location
of chlorine atoms bound to the carbon rings (Safe et al., 1985; Schecter et al., 2006). Specific
chlorine binding sites on the biphenyl rings determine the three-dimensional structure of each
congener. PCBs with chlorines attached on the outside of the biphenyl rings, in the para and meta
5

positions (Fig 1.2) tend to have a flat or planar 3D structure and are called coplanar PCBs (Safe
et al., 1985). In contrast, non-coplanar PCBs have chlorines at the ortho positions directly
adjacent to the joint of the two carbon rings, which cause the biphenyl rings to twist, yielding a
non-coplanar 3D structure (Baars et al., 2004; Noguerol et al., 2006). Most coplanar PCBs
readily act as ligands to the AhR and are thus called dioxin-like because of their similar actions
within the cell. The primary representative of coplanar, dioxin-like PCBs is generally considered
to be PCB 126. On the other hand, many non-coplanar PCBs bind to the Estrogen Receptor (ER)
(Noguerol et al., 2006). Interestingly, some PCBs that have intermediate organization of
chlorines, and are neither clearly coplanar nor non-coplanar, but can bind to AhR, ER, both, or
neither (Noguerol et al., 2006).
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Figure 1.2: (A) Model of PCB indicating positions of chlorine attachment on biphenyl
ring: para, meta and ortho. (B) Examples of a non-coplanar and coplanar PCB
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on the concentration of chlorine found in the mixture. For example, Aroclor 1260 has 60%
chlorine by weight, while Aroclor 1242 has 42% chlorine. Due to the complex nature of studying
toxicity of chemical mixtures, there are fewer studies exploring consequences of PCB mixtures
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than individual PCB congeners. Further, PCB contaminated sites often contain not just a single
Aroclor, but several. For example, the Hudson River contains Aroclors 1016, 1242, 1254 and
1260. The combination of PCBs challenges research into mechanisms as each Aroclor has a
different combination of PCBs (Fig 1.3).

1.3 TCDD and PCB toxicity

Figure 1.3: Distribution of PCBs within
Aroclors shows diverse composition of
PCBs within each Aroclor.

TCDD and PCBs are lipophillic, collect in fatty tissues and have the tendency to
bioaccumulate in exposed organisms (L. Andersson, A. H. Berg, R. Bjerse, 2001; Schecter et al.,
1994; Jamieson et al., 2017; Petersen and Kristensen, 1998). This bioaccumulation can lead to
biomagnification of contaminants in animals that eat primarily contaminated organisms; for
example, humans that may eat fish living in contaminated waterways (Brouwer et al., 1998).
These contaminants are detrimental to survival, cause skin lesions, cancer and reproductive
7

problems in exposed adults. One major concern is the consequence of embryonic exposure as
PCBs are linked to developmental problems in the brain and heart, and cancers in the liver and
thyroid (Mayes et al., 1998; Safe, 1992; Ulbrich and Stahlmann, 2004; Chambers et al., 2012;
Şişman et al., 2007). Similarly, TCDD is also a known carcinogen, impacts development and
reduces long term survival (Mandal, 2005; Schecter et al., 2006; Birnbaum and Tuomisto, 2000;
Baker et al., 2013, 2014; Birnbaum, 1994; Chambers et al., 2012).
Often, early disruptions of developmental processes cause cessation of development and
mortality. However, embryos that survive through early development likely retain effects of
exposure through maturation impacting growth, reproduction and long-term survival (Gamperl
and Farrell, 2004). Fish living and breeding in contaminated waters suffer the consequences of
exposure throughout their lifespan both through initial direct contact and bioaccumulation of
contaminants followed by maternal transfer to eggs (Bush et al., 1989; Hicken et al., 2011;
Incardona et al., 2014; Monosson et al., 2003). These lasting impacts reduce survival of
individuals, may impact fecundity and lead to population decreases over multiple generations.
Biological Action
PCBs may be chemically inert but when introduced to a living system they often cause severe
damage at multiple life stages. Often the damage to exposed organisms results in developmental
defects, cancers and death (Mayes et al., 1998; Safe, 1992; Ulbrich and Stahlmann, 2004;
Hamlin and Guillette, 2011, 2010). TCDD and each PCB congener act differently in the cells and
yield different consequences on cellular development, organ formation and function. There is a
large body of data describing the consequences of TCDD and PCB exposure spanning life forms
from algae to vertebrates, which illuminates the diverse impacts of contaminant exposure.
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Exposure to TCDD and PCBs during fetal development and early neonatal development
can lead to lasting effects and even lethality (Hamlin and Guillette, 2010). TCDD exposure to
pregnant females leads to reduced vasculogenesis in the placenta. This reduction in functional
blood vessels often led to death of the fetus from lack of oxygen (Ishimura et al., 2009). Pregnant
rats injected with PCBs have an interesting response. PCBs tend to accumulate in the livers of
mothers but not the brain, whereas in the fetus, PCBs tend to be found more in the brain rather
than the liver. This is an important insight into the differing effects of PCBs on mother and fetus
based on the location of PCB sequestration (Bonfanti et al., 2009).
In humans TCDD, PCBs, and similar contaminants are often found in the breast milk
which contains a high fat content. Contaminant levels were found to be 20 times higher than
WHO recommendations in breast milk from women living in an industrial region of Belgium
(Focant et al., 2002). A German study found that there is a high load of PCBs in animal based
food products causing a higher than recommended daily intake for adults, leading to a more than
double actual intake over the recommended intake for infants through breast milk consumption
(Gies et al., 2007). With such high concentrations of contaminants in breast milk, it’s no wonder
that maternal concentrations decrease over time and that concentration of PCBs within breast
milk decreases over time as the PCB load in the mother is transferred to the nursing newborn
(Schecter et al., 1998; Yang et al., 2002). In newborns consuming breast milk with high levels of
PCBs, there is an increase in CD4+ and CD8+ lymphocytes, suggesting that PCBs are impacting
the developing immune system (Nagayama et al., 1998).
Many wild animal populations are exposed to contaminants through contaminated food
sources. Contaminants often enter the environment through bad containment disposal practices in
industrial settings enter the ecosystem. TCDD and PCBs are lipophilic and do not remain in the
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water column for long; instead they sink to the sediments by binding to organic matter. These
sediments and organic matter are consumed and enter the food web. Recent studies have shown
that PCB pollution has traveled as deep as the bottom of the ocean, where crustacean from the
Mariana Trench have high contamination levels (Jamieson et al., 2017). Orcas and dolphins
around Europe have the highest concentrations of PCBs and TCDD among mammals, likely due
to biomagnification in their food sources (Jepson et al., 2016; Hayteas and Duffield, 2000; Ross
et al., 2000). Even Inuits, living in the Arctic, a region not contaminated with TCDD or PCBs,
who eat a traditional diet are impacted by the higher levels of PCBs in their food and show
increased body burdens of contaminants (Van Oostdam et al., 1999; Donaldson et al., 2010).
TCDD and PCBs are also detrimental to the health, survival, and reproductive abilities in
exposed adults. Chickens injected with TCDD at multiple concentrations were assessed for
fecundity. While the exposed chickens began laying eggs later than unexposed chickens, the
final egg count and egg shell quality were not significantly changed by exposure (Alonso et al.,
1998). In fish, multiple Atlantic tomcod populations representing differing sensitivities to PCB
exposure were exposed to PCBs then RNA expression of cyp1A was assessed which showed
significant differences in expression levels suggesting population changes over time in the less
sensitive population which is under constant exposure to TCDD and PCBs (Yuan et al., 2006).
Orally exposed Xenopus laevis and European common frog (Rana remporaria) had
morphological defects including edema, eye and tail malformations and decreased survival
(Gutleb et al., 2000). In juveniles and adults, PCBs can also induce cancers in the liver and
thyroid (Akahoshi et al., 2006; Roy et al., 2006). Gap junction protein mRNA production levels
are reduced in TCDD and PCB 126 exposed rat liver epithelial cells, reducing gap junctiondependent intercellular communication, which has implications in cancer metastasis (Bager et
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al., 1994, 1997). Adult exposure to TCDD and PCBs is problematic not just for the risk of
maternal transfer to offspring, but is detrimental to health and survival of individuals exposed
later in life.
Embryonic exposure to TCDD and PCBs are also linked to many developmental
problems (Mayes et al., 1998; Safe, 1992; Ulbrich and Stahlmann, 2004). PCBs have effects on
heart, pancreas, and liver development and impact the function of the nervous system, leading to
impacts on behavior (S. a Carney et al., 2006; S. A. Carney et al., 2006; Brion et al., 2004; Calò
et al., 2010; Gorelick and Halpern, 2011; Levi et al., 2009; Mortensen et al., 2007). Maternally
exposed Xenopus laevis embryos (exposed to PCB 126, Aroclor 1254 or Clophen 50) had a
smaller body size than controls (Gutleb et al., 1999). Xenopus laevis embryos treated with
Aroclor 1254 had changes in protein expression following treatment, specifically in genes related
to reacting to oxidative stress and cell growth and division (Gillardin, Silvestre, Dieu, et al.,
2009). Further, Xenopus laevis embryos exposed to Aroclor 1254 had decreased body size and
increased antioxidant response, which is activated in response to cellular stress and may impact
long-term growth and survival. This increase in antioxidant response may be a protective
response of the embryo against PCB activity during development (Gillardin, Silvestre, Divoy, et
al., 2009). Aroclor 1254 exposure caused gross morphological and behavior defects in Xenopus
laevis tadpoles as well as reduced survival (Jelaso et al., 2003).
While there is much known about the effects of TCDD and PCB action in a variety of
species, much is still unknown. Many studies rely on the use of either wild caught species or
laboratory-based experiments. There are many challenges involved with developing a complete
understanding of field studies. Combining experimental studies of wild species with lab model
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organism can yield valuable information, not only about unstudied consequences of contaminant
exposure, but also the mechanisms that cause these defects.

1.4 Studying the toxicology and development in fish
Studying species living in contaminated ecosystems provides information directly related
to the current state of that environment. Many species rely on each other for survival and if the
safety and survival of one or more species is compromised, the survival of other species in that
ecosystem is in jeopardy. Studying the interactions of species as well as the consequences of
contaminant exposure in situ is necessary to first assessing damage followed by determining
proper course of action for remediation.
While studying fish living in contaminated environments is directly applicable to
understanding a particular environment, there are limitations in using wild animals. Some
animals of the most interest are threatened or endangered, so studies using these animals can be
challenging or even impossible. Catch-and-release studies are useful for tracking locations of
wild individuals and can include endangered species. However, they have limited use for
studying developmental or health defects caused by contamination. Studies identifying in situ
effects of contaminant exposure, may be limited by lacking information on the water quality,
prey quality or contamination, contaminant type, or exposure concentrations (Fernandez et al.,
2004). Collecting individuals from the wild without returning them may add to depletion of the
population, which is especially damaging for endangered species. In developmental studies of
wild fish or amphibious species, recently fertilized eggs can be difficult to find, and eggs may
only be available for a limited time during the year and in insufficient quantities for robust
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experiments. Further, there is a wide genetic diversity in many wild populations, which is
beneficial for maintaining the genetic diversity but increases the variability of individual’s
response to contaminant exposure making interpretation more challenging. Studying early
development in wild-caught species is difficult because early development staging series,
molecular and genetic tools are often unavailable for wild species. Field collected wild juvenile
and adult fish can be broadly staged based on the size or gonad development, but clear and
detailed staging series, especially for embryos are unavailable for most wild species.
Direct study of impacted wild species is preferable, but this is not always a practical
research approach. Model species are often used in place of wild caught animals for use in
laboratory assays. Laboratory models have nearly all aspects of their lives from breeding to
environment to food source controlled (Westerfield, 2000; Lawrence, 2007). Genetics of most
models are well established and can be utilized for many experiments and, due to inbreeding,
there is very little genetic diversity between individuals, making them isogenic. Further,
development has been well studied in most models and staging series are widely available, which
is useful to track changes through development through adulthood in contaminant-exposed
individuals (Westerfield, 2000). There are many other experimental tools available in model
organisms that are not often available to researchers using wild specimens. Often lab models
have relatively short lifespans and can be used in multigenerational studies (Baker et al., 2014).
Normal development and maturation of wild-caught animals is not well known and thus
comparisons between collected specimens from contaminated sites and non-exposed organisms
are difficult. Some research tools used to study model organisms are becoming available for use
in collected species, but many studies are still observational studies (Shono et al., 2011; Grinwis
et al., 2000). While there are limitations in utilizing native species, much can be learned
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regarding the current concerns for exposed organisms. Identifying morphological and
developmental abnormalities using model organisms can provide a focal point for experiments in
a native species.
Zebrafish
Zebrafish are a well-studied model organism, useful for eco-toxicological studies of
fishes (Segner, 2009; Teraoka et al., 2002; Seok et al., 2008). They can lay hundreds of eggs per
spawning, providing large groups of eggs to be used in parallel treatments or experiments. Eggs
are externally fertilized, and optically clear resulting in highly accessible embryos that enable
continuous monitoring of development in real time. Developmental stages of zebrafish are well
documented, and the sequenced genome is available for the use of forward and backward
genetics (Westerfield, 2000; Lawrence, 2007). Further, gene expression during development of
zebrafish and other organisms, including humans, is conserved allowing for comparisons of
homologous processes during embryogenesis and organogenesis. The resilience of zebrafish
embryos through developmental disruption enables the visualization and study of the progression
of treatment consequences (S. A. Carney et al., 2006; Seok et al., 2008). With the broad utility of
zebrafish for toxicological studies, it is not surprising that this model has been increasingly used
in studies of the consequences of PCB exposure and is recommended for use in federally
accepted testing protocols such as the Organization for Economic Co-operation and
Development (OECD) accepted fish embryonic toxicity (FET) test (Busquet et al., 2014;
Lammer et al., 2009). Embryos have been exposed to PCBs and abnormalities in behavior, brain,
liver, heart and gonad development have begun to be explored but much work is still needed in
clarifying the wide array of effects caused by PCBs (S. a Carney et al., 2006; Grimes et al.,
2008; Péan et al., 2013; Wang et al., 2012). Adults have also been used to assess fecundity,
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progeny quality and survival and to determine the effects on reproduction (Daouk et al., 2011;
Örn et al., 1998; Péan et al., 2013).
Atlantic sturgeon
In the eastern United States, contaminants have been shown to elicit detrimental
developmental responses in many fish species including endangered Atlantic sturgeon
(Acipenser oxyrinchus oxyrinchus) (Chambers et al., 2012; Roy et al., 2011). In the late 1890s,
Atlantic sturgeon were a highly populous species, and a major part of a profitable fishery
economy in the US (Bain et al., 2007; Breece et al., 2013; Bain et al., 2000). The collapse of this
fishery industry in the early 1900s as a result of the population’s sharp decline is likely due to
over fishing, habitat loss, and pollution (Bain et al., 2000). Remnant populations of the once
common native sturgeon species are increasing once again in the Atlantic Ocean, mostly due to
the fishing moratorium (Bain et al., 2007; Breece et al., 2013). A growing population means
more eggs will be laid in rivers contaminated with PCBs and other toxins to varying degrees
along their habitat range. Sturgeon embryos are highly susceptible to PCB exposure, suffering
from gross morphological effects and decreased survival when exposed to PCBs soon after
hatching (Chambers et al., 2012). These and other fish species will not have the intended
population resurgence unless their habitats are improved. While the majority of the adult life of
an individual sturgeon is spent in the ocean feeding, they return to fresh water rivers to
reproduce. Atlantic sturgeon and many other species spawn in Atlantic coast tributaries,
including the HR in New York, a system characterized by widespread contamination (Bain et al.,
2007; Bopp et al., 1998). Further, PCB-exposed embryos show up-regulation of a downstream
target of AhR, cyp1a, in the heart, liver and intestines (Roy et al., 2011). These studies of
sturgeon and other locally important species yield invaluable information regarding current
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ecosystem health. Utilizing model species, including zebrafish and Xenopus, exposes more
avenues of study, which may not be readily explored using the native organism.

1.5 Development and consequences of contaminant exposure
Development is a series of events that initiates a single cell to become a multicellular
organism. Often, disruptions in early stages cause cessation of development and lethality. On the
other hand, development is also a robust process, where organisms with certain genetic
mutations or abnormalities may live into adulthood (Antkiewicz et al., 2006; Tiso et al., 2009).
However, such non-lethal disruptions during early development can have a lasting effect on an
organism impacting growth, reproduction, long-term survival, and population viability (Gamperl
and Farrell, 2004).
Digestive system development
The digestive system is important for sustained life and growth of most animals. The
gastrointestinal tract is responsible for processing and absorbing nutrients and excreting wastes,
while the accessory digestive organs help in the digestive process, produce hormones and
contribute to overall homeostasis and enhance metabolism (Hata et al., 2007). The
gastrointestinal tract typically comprises the pharynx, esophagus, stomach, intestines and rectum.
These structures are part of a continuous tube that food particles move through during digestion.
In fish, the structures are slightly different from mammals, for example, zebrafish have no
stomach, but have an intestinal bulb, which is more like a distended intestine. Regardless of the
nomenclature and specific differences in organ structure, the digestive systems in many animals
perform similar functions and have similar developmental stages (Field, Ober, et al., 2003; Chu
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and Sadler, 2009; Lemaigre, 2009). The accessory organs to the digestive system, including the
liver, gallbladder and pancreas, arise from portions of the digestive tract early in development. In
many mammals, hepatic cells dissociate and migrate away from the intestines (Chu and Sadler,
2009; Lemaigre, 2009), while in fish the hepatic cells bud off the right anterior portion of the
intestinal bulb but remain attached by a narrow section of cells which eventually form ducts
(Field, Ober, et al., 2003; Ober et al., 2003). The bud initially grows on the right side of the
embryo, then extends to the left, covering the intestinal bulb ventrally, and eventually forming a
U-shaped structure around the gut. Further growth of the liver by cell proliferation enlarges the
developing liver (Tao and Peng, 2009; Field, Ober, et al., 2003).
The pancreas is typically known for insulin production, but it is also important for
producing digestive enzymes that will enter the small intestine with bile produced by the liver.
The pancreas has two main types of cells that originate from different regions along the
developing intestinal tract; they account for the dual functions of this organ. The exocrine cells,
those that will produce digestive enzymes when mature, arise from the anterior ventral bud. The
hormone releasing endocrine cells develop from cells in the dorsal bud (Huang et al., 2001; Yee
et al., 2005; Ober et al., 2003; Field, Dong, et al., 2003). Shortly after these buds emerge they
merge and the anterior bud made of exocrine cells grows and surrounds the endocrine cells of the
dorsal bud (Field, Dong, et al., 2003). The pancreas grows and matures while retaining its dual
cell populations and dual roles as a digestive accessory organ (Tiso et al., 2009; Tehrani and Lin,
2011)
Interference with digestive organ development yields diverse consequences. Pregnant rats
injected with PCBs store the contaminants in their livers and pass excess PCBs to the fetus brain
which may lead to differing disease states for both mother and offspring (Bonfanti et al., 2009).
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Interestingly, while there is an increase in liver cancer with increasing dose in rats exposed to
Aroclors 1016, 1242, 1254 and 1260, there is a reduced of instance of cancer in other organs
suggesting a tissue and Aroclor dependent tumor response (Brown et al., 2007). Exposed fish
also suffer consequences to PCB exposure. European flounder (Platichthys flesus) have higher
frequency of liver tumor growth when exposed to TCDD (Grinwis et al., 2000) and Atlantic
tomcod living in contaminated environments have an excessive instance of liver cancer
compared to populations living in pristine locales (Wirgin et al., 1989). TCDD and PCBs also
induce gene expression changes indicative of liver disease in human liver cell lines (Dutta et al.,
2008). The pancreas is also disrupted by contaminant exposure as PCB exposure has been linked
to development of diabetes (Silverstone et al., 2012). Further, patients with pancreatic cancer
were less likely to survive with higher instances of PCB exposure (Hardell et al., 2007).When
assessed in zebrafish, developing insulin producing cells were found with defects from PCB
exposure (Timme-Laragy et al., 2015).
Cardiovascular system
The cardiovascular system is the first functioning organ system and arguably one of the
most important. It is responsible for the transport of oxygen, nutrients, enzymes, hormones,
immune cells and many more components in the blood. This requires both a pumping organ, the
heart, and hollow blood vessels allowing blood to flow through the body.
Normal development of the heart in many species begins with migration of cells towards
the embryonic midline resulting in the formation of a linear heart tube. The linear heart tube
undergoes directed cell divisions and cell shape changes that direct cardiac looping and
ballooning of the tube into distinct chambers (Bartman and Hove, 2005; Glickman and Yelon,
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2002; Latinkic et al., 2004). Cell shape, determined in part by sarcomere and cytoskeletal
structure, along with cardiac response to blood flow impacts the process of cardiac ballooning or
the expansion of the heart chambers. Sarcomeres play two roles in defining cardiac morphology.
They are important for cardiac contractility and provide tension within the cardiac cells thus
defining cardiac shape. Proper contractility is necessary for cardiac growth and development and
reduction of blood flow results in reduced maturation of hearts. As blood flows through the heart
and is pumped through the body, shear stress further impacts organ development. Organ
response to shear stress relies on the connections between two layers of the heart, the
endocardium and myocardium as the forces of blood flow apply shear stress to the endocardium
which signals to shape changes in myocardial cells (Brutsaert, 2003). Following embryonic
development of the heart, larval and juvenile growth further matures and defines the heart as it
functions with the changing needs of a growing animal.
The endocardium is contiguous with the vasculature, so defects in this cardiac layer may
extend to the blood vessels. Vascular integrity, the ability of vessels to remain intact, is necessary
for continued survival due to its importance as a path for blood flow through the body. There are
many types of vascular development that occur at different stages of development forming a
variety of vessels. Arteries, veins, capillaries and lymphatic vessels all have an epithelial lining,
though they are otherwise structurally different. These structural differences are reflected in their
development. The two main types of vessel development are vasculogenesis and angiogenesis.
Vasculogenesis occurs when angioblasts (blood and vessel precursor cells) migrate together to
form vessels de novo. Angiogenesis is the extension and growth of new vessels from preexisting
vessels (Ellertsdóttir et al., 2010; Herbert et al., 2009; Blum et al., 2008; Gore et al., 2012).
From these beginnings, blood vessels continue to mature and grow into their final forms. The
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lymphatic system is eventually separate from the circulatory system, but in many species,
including zebrafish, is derived from developing veins (Gore et al., 2012). Often these developing
lymphatic vessels obtain cells from growing veins. The cells will bud and migrate as during
angiogenesis, but a lumen does not form. The cells change specification with genetic changes
and the cells continue to migrate to form a vessel separate from the original source (Gore et al.,
2012). In the tails of zebrafish embryos, endothelial cells from the posterior caudal vein migrate
up between somites to the horizontal myoseptum where they cross before migrating away to
become lymphatic vessels (Ellertsdóttir et al., 2010; Hogan et al., 2009; Isogai et al., 2001). The
circulatory system ensures transport of nutrients, oxygen hormones and immune response
elements throughout the body and the lymphatic system maintains fluid homeostasis and immune
response. Impaired function of either system may lead to debilitating disease states, or reduced
ability for an animal to survive infection or stress.
Defects in early tissue development or in organ function impacts the adult morphology
(Singleman and Holtzman, 2012). TCDD and PCB exposure impedes heart maturation, reduces
fitness and likelihood of survival and reproduction (Bartman and Hove, 2005; Gamperl and
Farrell, 2004; Li et al., 2004; Dong et al., 2010). It follows that the embryonic consequences of
PCB exposure seen in embryos will influence the morphology of the adult heart. Chicken
embryos exposed to a PCB mixture to match the HR contaminant load observed in local birds,
belted and spotted sandpipers (Megaceryle alcyon and Actitis macularia), had severe defects in
heart tube, looping, and orientation resulting in gross morphological defects in the heart overall
(Carro et al., 2013). There was also decreased cell proliferation in the hearts which impacted
later maturation. Shovelnose and pallid sturgeon treated with TCDD and PCB 126 have
significantly reduced survival and increased defects in gross morphological markers including
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craniofacial development, heart development, yolk edema, and presence of upturned tails
compared with control fish (Buckler et al., 2015).
Specific steps during embryogenesis must occur correctly to avoid defects that will
impact the animal through adulthood, assuming it survives through the embryonic stages
(Glickman and Yelon, 2002; Kalogirou et al., 2014; Brutsaert, 2003). Embryonically derived
cardiac defects are especially problematic. In zebrafish, PCB 126 has been shown to cause
disruption in development of the endocardium, resulting in further cardiac abnormalities in other
aspects of heart development (Grimes et al., 2008). Shear stress response in endocardial cells
may be modified in PCB-exposed fish impeding proper myocardial cell maturation resulting in
abnormalities in organ structure and contractility of the heart (Hable and Nguyen, 2013; Tang,
Yan, Wu, et al., 2007). As an animal’s body size increases, so does the requirement for
circulating blood, leading to the body requirements exceeding the capacity of the defective heart.
Survival of many animal species requires a functional heart and many pollutants have been
shown to compromise heart development and function including PCBs which often leads to
lethality in exposed animals (Incardona et al., 2014; Carro et al., 2013; Grimes et al., 2008;
Gamperl and Farrell, 2004). The importance of heart development to fish survival suggests that
studying heart development is important in clarifying long-term consequences of aquatic toxin
exposure in fish.
TCDD and PCBs initiate a multitude of disease states in exposed animals affecting many
disparate organs within the digestive and cardiovascular systems. The disease states in these
systems are likely related by the cellular mechanism activated by contaminant exposure.
However, each organ develops uniquely, so it is necessary to explore the cellular mechanisms
behind TCDD and PCB action in conjunction with the consequential defects and disease states
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stimulated by exposure. Pathways activated by a receptor in the pancreas may have different
consequences than activation of the same receptor in the heart. Each defect within a particular
organ may also be impacted by different pathways resulting in a complex interaction of cellular
responses, which cause the phenotypes seen in each organ. Understanding the complexity
requires stepwise research within a single organ and phenotype to elucidate each pathway in
turn.

1.6 Cellular mechanism of contaminant action
The well established mechanism for TCDD and PCB 126 action begins with the binding
of the contaminant to AhR (Mimura and Fujii-Kuriyama, 2003). AhR is a ligand activated
transcription factor that is part of the basic-helix-loop-helix (bHLH) class of proteins (Denison et
al., 2002; Hankinson, 1995; Schmidt and Bradfield, 1996; Furness and Whelan, 2009; Kung et
al., 2009). In most mammals, including humans, there is a single AhR, however in many fish
species there are multiple genes for AhR and their function in regards to toxin response varies
(Hahn et al., 2004, 2006). In fish, AhR 2 is typically considered the primary functioning
receptor, which, when activated, results in typical responses (Goodale et al., 2012; Antkiewicz et
al., 2006; Andreasen et al., 2002; Clark et al., 2010; Hahn et al., 2006; Wirgin et al., 2011;
Prasch et al., 2004; S. A. Carney et al., 2006). On the other hand, AhR1A is considered a
pseudogene in fish (Goodale et al., 2012; Doering et al., 2013; Clark et al., 2010). AhR is
established as the mediator for many of the toxic responses of TCDD and coplanar PCB
exposure (Schwarz and Appel, 2005; Baker et al., 2013; Billiard et al., 2006; Birnbaum, 1994;
Schecter et al., 2006; Mimura and Fujii-Kuriyama, 2003; Wiseman, 2007).
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Activation of the AhR complex typically results in the expression of genes involved in
metabolic processes in liver, heart, and endothelial cells. When activated, the AhR complex
(which includes Hsp90, XAP2, p23, c-Src) dissociates and AhR enters the nucleus (Fig 1.4)
(Carver et al., 1994; Meyer et al., 1998; Barouki et al., 2007; Petrulis and Perdew, 2002; Puga et
al., 2002, 2009; Enan and Matsumura, 1996; Tomkiewicz et al., 2012; Beischlag et al., 2008).

Figure 1.4: Schematic of AhR complex as it dissociates following ligand binding to AhR.
AhR binds to Aryl hydrocarbon Receptor Nuclear Translocator (ARNT) and the complex binds
to dioxin responsive elements (DREs) of the DNA, which initiates expression of genes typically
involved with metabolism, detoxification and homeostasis (cyp1A), cell growth, and cell cycle
control (Nebert et al., 2000; Puga et al., 2009; Tompkins and Wallace, 2007; Furness and
Whelan, 2009; Denison et al., 2002). cyp1A is one of the most commonly expressed gene by
AhR activation and has altered expression in PCB 126 treated embryos in the heart, liver and
intestine of shortnose and Atlantic sturgeon showing that these organs are directly impacted by
contaminant exposure (Roy et al., 2011). In zebrafish, PCBs impact gross morphology and PCB
126 treated hearts are shown to be smaller and misshapen (Grimes et al., 2008; Li et al., 2014).
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Though cyp1A is expressed in cells with activated AhR, there is little evidence that this
gene has any consequence on cardiac or endothelial defects (Andreasen et al., 2002; Antkiewicz,
2005; Carney et al., 2004; Scott et al., 2011; Van Tiem and Di Giulio, 2011). Rather, an alternate
pathway by which AhR works in the cell is likely to result in observed cardiac defects (Carney et
al., 2004; Scott et al., 2011). Indeed, there are many studies exploring alternate consequences of
AhR activation in the development of other organs (Hahn et al., 2009; Haarmann-Stemmann et
al., 2009; Mathew et al., 2009; Oesch-bartlomowicz and Oesch, 2009; Randi et al., 2008; Vezina
et al., 2009; Matsumura, 2009), with regulation of estrogen receptor (Spink et al., 1990; Wormke
et al., 2003; Matthews and Gustafsson, 2006; Ohtake et al., 2009; Swedenborg and Pongratz,
2010), carcinogenesis (Puga et al., 2002; Xie et al., 2012; Xie and Raufman, 2015),
inflammation pathways (Kimura et al., 2009; Beischlag et al., 2008), cell cycle regulation
(Marlowe and Puga, 2005; Bill et al., 2009), cell migration (Rico-Leo et al., 2013; Nahta et al.,
2015; Pontillo et al., 2011), and disrupting cell-cell adhesions (Barouki et al., 2007; Chang et al.,
2012; Dietrich and Kaina, 2010).
AhR activation is known to cause the up-regulation and phosphorylation of various
proteins, including tyrosine kinase Src (Dong et al., 2011; Enan and Matsumura, 1996; Puga et
al., 2002; Randi et al., 2008; Tomkiewicz et al., 2012; Enan et al., 1998). Src is a member of a
family of proteins that, when phosphorylated, has the ability to activate many pathways during
development (Dejana et al., 2008; Jopling and Hertog, 2007; Molina et al., 2007; Tomkiewicz et
al., 2012; Yoshioka et al., 2011; Parsons and Parsons, 2004). Appropriate Src function is
important for correct development of an embryo. Src and related kinases can be inhibited by PP1
and PP2, but more specific inhibition of specific tyrosine phosphorylation function can be
achieved with SU6656, SU6657, AZD0530 and others (Blake et al., 2000; Dong et al., 2011;
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Nam et al., 2002; Gavard and Gutkind, 2006; Orsenigo et al., 2012; Frauenstein et al., 2014).
Among its functions, c-Src is known to be part of the AhR complex (Enan and Matsumura, 1996;
Tomkiewicz et al., 2012) or associated with the Hsp90 component of the AhR complex (Puga et
al., 2002). Phosphorylation and subsequent activation of Src can happen with activation of AhR
through binding of ligands (including TCDD and PCBs) (Fig 1.4) (Tomkiewicz et al., 2012;
Backlund and Ingelman-Sundberg, 2005; Dong et al., 2011).
TCDD and PCBs have a well studied relationship with cancer development through
activated AhR (Dietrich and Kaina 2010; Nahta et al. 2015). Many of the same mechanisms
activated during early embryonic development are similar to those in the progression of cancer.
Research has shown that Src inhibition can help prevent cancer metastasis by preventing cell
adhesion to deteriorate through the disruption of cadherin/catenin dimer connections or by AhR
activation of wnt/β-catenin misexpression through Src phosphorylation (Chesire et al., 2004;
Nam et al., 2002; Xie et al., 2012; Xie and Raufman, 2015; Tong et al., 2014; Xu et al., 2009).
Interestingly, in the cardiovascular system, wnt/ β-catenin dissociation may involve Vascular
endothelial cadherin (VEcadherin) (Barbieri et al., 2008).

Figure 1.5: VEcadherin
dimer with associated
catenins

VEcadherin is a membrane-bound protein found in cardiovascular endothelial cells which
is fundamental in maintaining vascular integrity and has an important role in detecting and
transmitting blood flow signals (Vestweber, 2007; Coon et al., 2015; Fukuhra et al., 2006;
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Stepniak et al., 2009). This is an important function for heart maturation in response to changing
blood flow in the growing animal. Adherins junction proteins, including VEcadherin dimerize
with other membrane bound proteins in neighboring endothelial cells. VEcadherin is often found
as a homodimer associated with β-catenin and p120 catenin inside the cell (Fig 1.5) (Dejana,
2004; Dejana et al., 2008; Fukuhra et al., 2006; Stepniak et al., 2009; Adam et al., 2010).
Phosphorylation of VEcadherin causes the dimer to dissociate, reducing the ability of endothelial
cells to remain bound (Dejana et al., 2008; Vestweber, 2007; Orsenigo et al., 2012; Benn et al.,
2015; Fukuhra et al., 2006; Crosby et al., 2005). This may result in a separation of the
endocardium from myocardium via fluid accumulation from decreased cellular integrity in the
endocardium (Orsenigo et al., 2012; Benn et al., 2015; Dejana et al., 2008; Gavard and Gutkind,
2006). VEcadherin phosphorylation is a necessary step in facilitating growth and maturation of
the vasculature during development, growth and healing of vessels, but may lead to instability of
vasculature structure in stable vessels (Sidibé et al., 2014). Based on the literature, I hypothesize
that TCDD and PCB 126 likely impact VEcadherin phosphorylation via Src, decreasing the
ability of vascular cells to bind appropriately.

1.7 Summary
Combining the different fields of developmental, molecular and ecological biology in a
laboratory setting, I aim to elucidate the specific consequences posed by TCDD and PCB
exposure on cardiac development. My main objectives to clarify the action of contaminants
during development are described below.
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Aim 1:
PCBs are a diverse group of chemicals that act on different cellular pathways, resulting in
a variety of consequences. Aroclors, as mixtures of many individual PCBs, have the potential to
affect many cellular and molecular pathways. Currently there is little work exploring embryonic
and long-term defects in zebrafish exposed to a variety of PCB congeners and Aroclor mixtures.
Aim 1 focuses on examining the broad impacts of individual PCBs and PCB mixtures on
embryonic development. Using zebrafish embryos and methods similar to those found in the
OECD 2010 protocol for early life stage toxicity testing, Gross morphology at 5 dpf in zebrafish
exposed to five concentrations of PCBs was observed. Embryos treated with sub-lethal
concentrations of PCBs and Aroclors were assessed for organ defects in the heart, vasculature,
liver and pancreas. Generally, embryonic development was abnormal in many embryos treated at
high concentrations of individual PCBs and Aroclors. Observed phenotypes included pericardial
or yolk edema, curved tails and craniofacial defects. Upon closer inspection, individual organs
were affected by PCB exposure including the liver, pancreas, heart and vasculature. PCB 126
treated fish exhibited the most severe phenotypes and did not survive past embryogenesis, even
at low doses. PCB effects on growth and survival were assessed by following growing fish
through adulthood. Many embryos treated with Aroclors or PCB 104 survived through
adulthood. PCB and Aroclor exposed fish have reduced survival compared to untreated fish.
Interestingly, growth was not impacted by PCBs and it seems that fish surviving through juvenile
and adult stages grow normally.
Aim 2:
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While an increasingly large body of literature is being established in different model
organisms including fish, birds and mammals, there is little evidence of direct comparisons of
toxin effects between locally impacted species and laboratory models. Atlantic sturgeon embryos
treated with TCDD and PCB 126 have reduced survival and growth rate until hatching, though
the direct cause of reduced survival is unknown. Work in the zebrafish and medaka (Oryzias
latipes) model organisms show persistent cardiac defects as a result of early exposure to TCDD,
PCB 126 or Aroclors, likely resulting in reduced survival (Antkiewicz, 2005; Dong et al., 2010;
Grimes et al., 2008; Hill et al., 2004; Heiden et al., 2009; Li et al., 2014; Teraoka et al., 2002).
This early demise and reduced growth in sturgeon larvae may be due to heart defects as a
consequence of toxin exposure similar to responses seen in zebrafish and medaka. As one of the
earliest organs to develop and function, the heart is especially important for proper development.
Improper development and function of the heart has lasting effects on growth and survival of
vertebrates. Aim 2 explored the impacts of TCDD and PCB 126 on heart development in both
zebrafish and Atlantic sturgeon. Zebrafish are a well-studied, small, tropical fish often used in
both developmental and ecotoxicological studies. Atlantic sturgeon are a large ancient fish
species on the endangered species list that are impacted in the wild by both TCDD and PCB
exposure. Comparisons between these evolutionary disparate species may help clarify conserved
responses to contaminant exposure. Taking advantage of genetic and molecular tools available,
this study compared heart defects observed following exposure to multiple concentrations of
TCDD, PCB 126 or an Aroclor mixture in both fish species. There are strong parallels in
contaminant response between these species. Normally, hearts progress from a tubular form to a
curved S shaped organ, which later undergoes chamber ballooning and rotation. In both TCDD
and PCB 126 exposed zebrafish and Atlantic sturgeon there is a decrease of curvature in the
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heart with increasing dose. Conversely, Aroclor treated fish do have properly curved hearts in
both species, but the heart chambers do not balloon as well in hearts exposed to higher
concentrations. These studies showed not only the cardiac defects caused by TCDD, PCB 126
and Aroclor exposure, but the striking similarities on exposure response by two very different
fish species.
Aim 3:
Elucidating the specific consequences of TCDD and PCBs on heart development is
important in identifying both the immediate and long-term results of contaminant exposure.
Cardiac defects observed in TCDD and PCB 126 exposed fish are significant and severe. The
hearts do not contract properly, and do not loop or mature. Further, there are tissue layer defects
where the myocardium (muscular layer) and endocardium (inner lining) are separated suggesting
faults in gap junction protein function. Identifying the cellular mechanism underlying organ
defects is essential to understanding the progress of contaminant exposure. The accepted
molecular mechanism of contaminant action involves TCDD or PCB 126 binding to AhR, which
in turn stimulates cyp1A expression. However, many studies have established that when cyp1A
expression is blocked, and cardiac defects remain, though inactivation of AhR cardiac form and
function are restored. Though AhR is activated and cyp1A is expressed in the hearts of TCDD
and PCB 126 exposed fish, there is compelling evidence that cyp1A is not involved in producing
the cardiac defects observed in exposed embryos. There have been many studies exploring
alternative, non-transcriptional mechanisms for AhR activity in exposed cells. Among others,
AhR is known to activate the tyrosine kinase Src. The goal of Aim 3 was to identify the cellular
and molecular mechanisms responsible for cardiac defects observed in TCDD and PCB 126
exposed zebrafish and Atlantic sturgeon and to test the hypothesis that the contaminant activated
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AhR phosphorylated Src, which then phosphorylates the gap junction protein VEcadherin. Using
molecular tools to visualize the embryonic heart and assess phosphorylation of VEcadherin, this
study explored the mechanisms causing cardiac defects. Indeed, VEcadherin is hyper
phosphorylated in contaminant exposed hearts and when treated with an Src inhibitor,
contaminant exposed hearts have reduced VEcadherin phosphorylation. These data support the
hypothesis that defects in vascular integrity arise via Src phosphorylated VEcadherin ultimately
contributing to cardiac defects observed on the organ level in exposed fish.
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Chapter 2: Toxic effects of PCB congeners and Aroclors on zebrafish growth and
development

2.1 ABSTRACT
Background: Environmental contaminants such as polychlorinated biphenyls (PCBs) cause skin
lesions, cancer, learning disabilities, and reproductive problems in many vertebrates including
humans. Exposure during embryogenesis likely leads to defects in organ development,
compromising survival and growth through adulthood.
Objectives: This study aims to identify the impact of PCBs on the embryonic development of
key organs as well as the resulting consequences on survival and growth. Exposures focused on
the individual PCB congeners and mixtures of PCBs (Aroclors) that are most environmentally
relevant.
Methods: Zebrafish embryos were treated with individual PCBs (126 and 104) or Aroclors
during embryogenesis. Treated zebrafish were analyzed for changes in gross embryonic
morphology. A variety of transgenic fish with improved visualization of specific organs during
embryonic development were assessment of defects. Larvae were also grown to adulthood,
during which survival and growth were assayed.
Results: The consequences of PCBs exposure on embryonic development are extensive. Overall
embryonic development was abnormal and specific organs affected by exposure include the
liver, pancreas, heart, and blood vessels in a concentration dependent manner. Survival through
adulthood is drastically reduced in exposed fish, though average growth of surviving fish was not
severely impacted.
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Conclusions: PCB 126 treatment resulted in the most consistently severe and fatal phenotypes,
while treatments with PCB 104 and Aroclors resulted in more subtle organ defects. Survival
through adulthood of treated fish is variable between treatments, while growth of surviving fish
is relatively normal suggesting that once a PCB exposed fish reaches a certain age, it has the
compensatory strategies needed to survive.

2.2 INTRODUCTION
Persistent organic pollutants have caused considerable harm to ecosystems. Only recently
has humanity begun considering the consequences of waste disposal processes on the
environment and the organisms that depend on it, including humans. Among the many
contaminants are polychlorinated biphenyls (PCBs), a group of closely related man-made
chemicals developed in 1881. In 1929, they were introduced to industry as non-flammable
lubricants, insulators, and additives to pesticides and paints among other uses, under the brand
name Aroclor in the U.S. and were produced by Monsanto (Sauget, Illinois). Production and use
was discontinued in the United States in the late 1970s following implementation of the Clean
Water Act in 1972.
PCBs are a key target of the Clean Water Act due to their high chemical stability and
significant biological impact. PCBs are chemically inert and thus were often conveniently
disposed of into local waterways or soils. However, when introduced to an ecosystem, PCBs can
cause severe damage to both developing embryos and adults of fishes and other organisms. PCBs
collect in fatty tissues and bioaccumulate in exposed organisms (L. Andersson, A. H. Berg, R.
Bjerse, 2001). Often exposure in organisms including fishes, mammals, and birds, results in
developmental defects in the brain and heart, liver and thyroid cancers, reproductive defects, and
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death (Mayes et al., 1998; Ulbrich and Stahlmann, 2004; Safe, 1992; Birnbaum, 1995). The
damage to embryos and young larval fishes are difficult to establish in the field while wild
caught late stage larvae, juveniles, and adult fish are more accessible and more often used in
contaminant assessment field studies than embryos and larvae (Monosson et al., 2003; Roy et al.,
2002; Yuan et al., 2006; Ashley et al., 2003; Barnthouse et al., 2009; Bayarri et al., 2001;
Antunes et al., 2008). Analyses of significant impacts at these early life stages is very difficult,
particularly if the exposure results in early lethality. Thus, examination of the long-term
consequences of embryonic exposure is important in identifying the lasting effects of exposure.
During development, the processes by which a single cell becomes a multicellular
organism are tightly regulated by temporal and spatial signaling, carefully orchestrated cell
division, and cellular reorganization. Even small disruptions in early development can result in a
cascade of developmental defects culminating in severe congenital defects and even early death
(Gamperl and Farrell, 2004). The consequences of embryonic exposure to PCBs are linked to
many developmental problems and can result in reduced survival, decreased fertility and lifelong chronic illness. Though many animals survive embryogenesis following PCB exposure, the
effect on survival and growth is not well documented (Baker et al., 2013; Heiden et al., 2009;
Hicken et al., 2011; Deng et al., 2010; Milnes et al., 2006; Baker et al., 2014; Safe, 1992; Mayes
et al., 1998; Ulbrich and Stahlmann, 2004).
Zebrafish are an increasingly popular model for studying embryonic development and are
increasingly used for ecotoxicological studies (Segner, 2009; Teraoka et al., 2002; Hill et al.,
2005; Hallare et al., 2006; Spitsbergen and Kent, 2003; Seok et al., 2008). Recently, much work
has gone into establishing zebrafish as a model for use in the fish embryo toxicity (FET) tests
following Organization for Economic Co-operation and Development (OECD) standards
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(Braunbeck et al., 2015; Lammer et al., 2009). The resilience of zebrafish embryos through
developmental disruption enables the visualization and study of the progression of treatment
consequences (S. A. Carney et al., 2006). Zebrafish eggs are externally fertilized, and optically
clear resulting in highly accessible embryos that enable continuous monitoring of development in
real time. Developmental stages of zebrafish are well documented, and the sequenced genome is
available for the use of forward and reverse genetics (Holtzman et al., 2016; Westerfield, 2000).
In addition, the molecular mechanisms regulating development of zebrafish are often conserved
allowing comparisons of homologous processes during embryogenesis and organogenesis across
many different species, including humans.
The cardiovascular system is the first functioning organ system, which begins pumping at
24 hpf. Normal development of the heart in many species begins with migration of cells towards
the embryonic midline resulting in the formation of a linear heart tube. The linear heart tube
undergoes directed cell divisions and cell shape changes that direct cardiac looping and
ballooning of the tube into distinct chambers (Bartman and Hove, 2005; Glickman and Yelon,
2002; Latinkic et al., 2004). Accessory digestive organs, including the liver, gallbladder and
pancreas bud off the primordial gastrointestinal tract beginning at 24 hpf, at the time the heart is
already functioning. The liver is initially formed by hepatic cells budding off the right anterior
portion of the intestinal bulb (Field, Ober, et al., 2003; Ober et al., 2003). The bud initially grows
on the right side of the embryo, then extends to the left, covering the intestinal bulb ventrally,
and eventually forming a U-shaped structure around the gut. Further growth of the liver by cell
proliferation enlarges the developing liver (Tao and Peng, 2009; Field, Ober, et al., 2003). The
pancreas forms by two groups of cells (exocrine and endocrine) which bud from different parts
of the intestinal tract (Huang et al., 2001; Yee et al., 2005; Ober et al., 2003; Field, Dong, et al.,
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2003). Shortly after these buds form they merge and the anterior bud made of exocrine cells
grows and surrounds the endocrine cells of the dorsal bud (Field, Dong, et al., 2003).
A growing body of research explores the effects of individual PCBs, especially the
coplanar congener, PCB 126, on developing zebrafish. Some of these studies examine the effects
of individual PCB exposure on gross body morphology through early embryogenesis until 96
hours post fertilization (hpf) (Şişman et al., 2007; Seok et al., 2008), while other studies have
examined the impacts on early heart development (Grimes et al., 2008; Li et al., 2004; Waits and
Nebert, 2011) or on gene expression changes caused by early exposure to PCB 126 (Jönsson et
al., 2007; Jonsson et al., 2007; Liu, Nie, Lin, Ma, et al., 2014). Zebrafish fed PCB 126
contaminated food have reduced fertility, reproductive and behavior modification are observed in
exposed adults and their offspring (Daouk et al., 2011; Örn et al., 1998; Péan et al., 2013).
However, little developmental research has been conducted using Aroclor mixtures, which are
more ecologically relevant as those mixtures have been leaked and dumped into many
environments, affecting local animals and humans. Each Aroclor has a unique composition of
PCBs. Some work has been done identifying altered expression of genes, including cyp1
following Aroclor 1254 exposure (Troxel et al., 1997; Yang et al., 2007). Aroclor 1254 has also
been studied in relation to retinal development in zebrafish in comparison to other contaminants
(Wang et al., 2012) and on the reproductive consequences of exposure (Njiwa et al., 2004).
Currently there is little work exploring embryonic and long term defects in zebrafish exposed to
a variety of PCB congeners and Aroclor mixtures.
In this study we use the zebrafish to explore the effects of environmentally relevant PCBs
on development. We utilized methods similar to those found in the OECD 210 protocol for early
life stage toxicity testing to examine organ defects during embryogenesis. Here we identify the
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effects of individual PCBs and PCB mixtures on gross morphology of embryos and on specific
developmental abnormalities in the cardiovascular system, liver and pancreas. Survival and
growth data from larval to adult stages were used to assess the lasting impacts of individual PCB
and Aroclor exposure. Exploring embryonic development can provide a foundation for
understanding the causes of reduced survival in exposed fish. By tracking the timing of fish
death through adulthood, a more complete picture of how PCBs act through the fish life cycle is
established which could not be observed through testing only embryos or adults.

2.3 METHODS
Zebrafish
Zebrafish were maintained as described in Westerfield (2000) using an IACUC approved
protocol (QC-CUNY #161 and #166). Adult zebrafish were maintained at 28°C in a flowthrough system (Aquatic Innovation, LLC). Groups of adults with a 1:1 male: female ratio were
placed in mating tanks the night before mating. Mating tanks (Aquatic Eco-systems, Inc) were
lined with mesh to allow eggs to be separated from adults. The following morning eggs were
collected, rid of unfertilized eggs and incubated until the onset of gastrulation, approx. 4-5 hpf,
when randomly selected eggs were transferred, via wide bore glass pipettes, to glass Stender
dishes used as exposure containers.
Chemicals and Aquatic Contaminant Exposure
Two individual PCBs and four Aroclor PCB mixtures were selected for testing in
zebrafish. Coplanar PCB 126 (99.5% purity), Non-coplanar PCB 104 (99.1% purity), Aroclor
1016, Aroclor 1242, Aroclor 1254, and Aroclor 1260 were purchased from AccuStandard, Inc.
(New Haven, CT). All PCBs and Aroclors were dissolved in 1mL DMSO (Sigma-Aldrich), then
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stock solutions of 5,000 g/L and 500,000 g/L were made in DMSO. Treatment solutions of each
PCB or Aroclor concentration were made by adding DMSO to appropriate volume of PCB or
Aroclor stock in Stender dishes to final concentrations of 0.1, 1, 10, 100 or 1000 µg/L and 0.75%
DMSO (well below toxic dose of vehicle (Hallare et al., 2006)) in 10 mL of Embryo Media
(EM) (Westerfield, 2000). EM and DMSO controls were made in the same way. Embryos in
treatment solutions were incubated at 28.5°C in a dark incubator. Treatment solutions were
changed daily with freshly made solutions following removal of any dead embryos. Exposure
duration was dependent on timing for collection for individual organ assessment but did not
exceed 5 dpf. All treatments, including controls, for all experiments were done in triplicate to
minimize variability among cohorts.
Quantification of uptake of PCB 126 in zebrafish embryos
Little is known regarding the potential differences between actual body burdens of PCB
exposed fish compared with nominal aqueous concentrations in treatment solution. To assess the
differences, zebrafish embryos were exposed to radiolabeled PCB 126 at approximately 6 hpf, to
measure the body burdens of PCB 126 when exposed to known aquatic concentrations. 3HPCB
126 (5 Ci/mmol from American Radiolabeled Chemicals, 99% purity) was diluted in acetone for
final treatment concentrations of 0.1, 1.0, 10, and 100 µg/L in 25mL of embryo media in 100mL
beakers. All treatments, including controls, were done in triplicate. Each treatment contained 50
embryos within their chorions and were incubated for 24 hours at 26°C. Following exposure,
embryos were washed three times with distilled water, weighed and solubilized overnight at
50°C in 2mL of Soluene-350 (PerkinElmer Life and Analytical Science, Boston, MA). The
solution was cooled to room temperature and 10mL of Hionic Fluor (Packard Bioscience Co.,
Meriden, CT) was added for scintillation analysis. Fluorescence of samples was counted on a
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Tri-Carb 2900TR Liquid Scintillation Analyzer (Packard Bioscience) with associated software
(QuantaSmart). Data was analyzed using Excel (Microsoft).
Imaging
Zebrafish embryos were imaged using a steroscope microscope (Leica or Zeiss SteREO
Discovery V12) and camera (Zeiss AxioCamMRc) with its associated programming (Zeiss
AxioVision). Photographs were analyzed using ImageJ (NIH) and processed in Photoshop and
Illustrator (Adobe).
Cardiovascular development
Transgenic Tg(myl7:GFP) twu34 (Huang et al., 2003) embryos with red fluorescent hearts
were continuously exposed 10 µg/L both PCB congeners or each of four Aroclors to assess
cardiac defects resulting from contaminant exposure. At 3 days post fertilization (dpf), embryos
were collected, anesthetized in MS-222, treated with 0.5M KCl in EM to stop the hearts in
diastole, and fixed in 2% paraformaldehyde. Fixed fish were photographed under a dissecting
microscope and analyzed using ImageJ for linearity of the heart. Hearts were measured for
Running Length (the length measured through the heart along the path of blood flow, from the
base of the atrium to the top of the ventricle) and Spanning Length (the total length of the heart
measured with a straight line from the base of the atrium to the top of the ventricle). The ratio
derived by dividing the Running Length by the Spanning Length results in the Curvature Ratio.
The measurement data were compared among treatment groups using ANOVA and post-hoc
Student T-test.
Tg(flk-1:GFP)s843 (Jin et al., 2005) transgenic embryos with green fluorescent blood
vessels were treated with 10 µg/L PCBs and Aroclors to assess the impacts of the toxins on
vascular development. At 3, 4 and 5 dpf embryos were collected, anesthetized in MS-222,
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viewed and photographed live under a dissecting scope to count the number of vessels crossing
the somites from intersomitic blood vessels along the horizontal myoseptum. Anesthetized
embryos were returned to fresh treatment solutions following 10 -15 minutes in MS-222.
Liver morphology
Transgenic embryos with red livers, Tg(fabp10:DsRed)gz4 (Her et al., 2003), kindly
provided by K. Sadler Edepli, were treated with 10 µg/L PCB 126, PCB104 or each of four
Aroclors.. At 5 dpf, embryos were collected, anesthetized in MS-222, and fixed for 1 hour at
room temperature in 2% paraformaldehyde. Lateral view of livers was photographed for further
analysis. Livers were scored based on size as small, normal or enlarged and further assessed for
differences in liver shape (Cox et al, 2014; Liu et al, 2013). Final data is presented in terms of
normal livers and abnormal livers to encompass the variety of phenotypes within PCB congener
and Aroclor treated livers.
Pancreas morphology
Transgenic fish containing green fluorescence in the pancreas, Tg(ela:GFP) gz2 (Wan et
al., 2006), were mated with fish containing red fluorescence marking insulin producing cells,
Tg(ins:DsRed)m1081 (Anderson et al., 2009),(kindly provided by K. Sadler Edepli), and resulting
embryos were treated with 10 µg/L PCB 126, PCB104 or each of four Aroclors. 3 dpf embryos
were anesthetized briefly in MS-222 and screened for fluorescence. Embryos with both
fluorescent markers were transferred to fresh treatment solution. At 5 dpf embryos were
collected, anesthetized in MS-222, and fixed in 2% paraformaldehyde. Embryos were viewed
and photographed laterally to identify improper expression of insulin.
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Growth and Survival
Embryos were treated with PCBs or Aroclors at concentrations of 1, 10, or 100 µg/L at
the onset of gastrulation, approximately 4 hpf, and were incubated at 28.5°C. Embryos had daily
water changes with fresh PCB solution through 5 dpf. At 5 dpf, 15 embryos were rinsed thrice in
fresh EM to thoroughly remove PCBs.
Survival was tracked regularly through adulthood until 90 days dpf. Fish were briefly
anesthetized in MS-222, photographed and returned to their tanks in the recirculating water
system from larval to adult stages at 15, 30, 45, 60, and 90 dpf. Fish were measured from snout
to base of tail to determine standard length (SL) digitally via photographs using ImageJ (NIH)
and survival data were analyzed in Excel (Microsoft) and StatPlus:mac (AnalystSoft). Fish older
than 90 dpf were retained for future assessment.

2.4 RESULTS
Defects in embryonic development
To understand the effects of individual PCB congener and PCB mixture exposure,
zebrafish eggs were exposed to a range of concentrations continuously during embryogenesis.
Early exposure to contaminants result in embryos with dose-dependent morphological defects.
At low dose exposures (0.1 and 1 µg/L), the gross morphology of Aroclor-treated fish is similar
to that of control fish. However, some Aroclor exposures, predominantly Aroclor 1242, but also
Aroclor 1016, cause gross morphological defects at 10 µg/L, warranting further examination at
the organ level. Organ system analysis of embryos treated with 10 µg/L is described below. By 5
dpf, embryos treated with higher concentrations (100 or 1000 µg/L) show varying defects
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including pericardial and/or yolk edema (Fig 1 arrow head), small eyes and head (Fig 1 asterisk),
curved tail (Fig 1 arrow), and reduced body size.
PCB 126 has the greatest impact on gross morphology as exposures at all concentrations
(0.1 to 1000 µg/L) result in severe pericardial and yolk edema suggesting cardiovascular defects,
small eyes, curved trunk and tail and short body length which is consistent with previous studies
(Fig 1) (Chambers et al., 2012; Grimes et al., 2008; Gould et al., 1997; Li et al., 2014; Seok et
al., 2008; Liu, Nie, Lin, Ju, et al., 2014). They do not develop swim bladders, necessary for longterm survival, and most exposed embryos die by 5 dpf. Similarly, PCB 104 exposed embryos
often develop yolk edemas, even at lower concentrations (0.1, 1 and 10 µg/L) but do not at 100
µg/L. At 1000 µg/L, PCB 104 treated embryos have very curved tails, small heads and eyes, and
some pericardial edema. Also, most individuals never develop swim bladders.
At concentrations lower than 100 µg/L, Aroclor 1016, 1254 and 1260 treated embryos
have fairly normal gross morphology and many of them develop swim bladders by 6 dpf.
Aroclor 1016 shows slight curvature of the trunk at 10 and 100 µg/L and more severe tail
curvature and some craniofacial defects at 1000 µg/L. Aroclor 1254 and 1260 treated fish look
fairly normal when treated with concentrations of 100 µg/L or less, and show slightly small
heads and tail curvature at 1000 µg/L. In contrast, Aroclor 1242 treated embryos have pericardial
and yolk edema and slightly curved tails at mid to high concentrations (10 and 100 µg/L) and
severe tail curvature and slight cardiac edema at 1000 µg/L. Interestingly, many of the embryos
treated at lower to intermediate concentrations of PCB 126, Aroclor 1254, and PCB 104 retain
more yolk than unexposed embryos, suggesting that there may be digestive defects in
contaminant-exposed embryos (Fig 1).
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Figure 2.1: PCB treatments at different stages of development show that gross morphology
of Aroclor 1016, 1254 and 1260 treated fish at 5 dpf is not very different from controls,
though individual PCB treatments and Aroclor 1242 impacts embryos more severely.
Treated fish exhibit morphological disruptions in various organ systems upon closer
inspection. Arrows indicate curved tails; arrowheads show pericardial edema; asterisk show
craniofacial defects and small eyes.
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Quantification of uptake of PCB 126 in zebrafish embryos
Aquatic exposure of PCBs is a standard contaminant exposure method for embryonic
zebrafish. However, little is known about the actual uptake of PCBs by the embryos when using
this dosing strategy. To determine the uptake of PCB 126 during aquatic dosing at several
concentrations a radiolabeled PCB 126 was used as a tracer. The uptake of the radiolabeled PCB
126 was quantified after 24 hours exposure in zebrafish embryos. Embryos were then analyzed
for radioactivity and the amount of PCB 126 within the embryos was determined by comparison
to a standard curve. Overall, increasing treatment dose resulted in an increase in the total
amounts of PCB 126 taken up by embryos over 24 hour exposure. Specifically, over doses of 0.1
µg/L to 100 µg/L PCB 126, the embryonic body burden by weight increased from 0.59 ng/g (0.1
µg/L treatment) to 191.23 ng/g (100 µg/L treatment) (Fig 2).

Figure 2.2: Quantification of PCB
uptake. Uptake of PCB 126 by
embryos in ng/g treated with
various concentrations of aqueous
treatments of PCB 126. Uptake:
0.59 ng/g (0.1 µg/L treatment),
7.20 (1 µg/L treatment), 67.80 (10
µg/L treatment), and 191.23 ng/g
(100 µg/L treatment).

Cardiovascular development
The gross morphology of fish treated with PCB 126, PCB 104 and Aroclor 1242
demonstrates pericardial edema that could be caused by defects in cardiac function. To explore
this possibility, we examined cardiac morphology in PCB and Aroclor exposed embryos more
closely. Transgenic embryos that express GFP in the cardiac muscle, Tg(myl7:GFP)twu34, were
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treated with contaminants from early gastrulation and hearts were photographed at 3 dpf to
assess cardiac defects caused by exposure. Typically, normal heart development begins with a
linear heart tube, which loops to form an S-shaped structure. The outer curvature of the S then
undergoes expansion in a process called chamber ballooning. At 3 dpf, normal zebrafish hearts
are curved, with two distinct chambers each of which is clearly ballooned (Fig 3A’).

control
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PCB 126 A-1016
A-1242
B
D
C
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E
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A-1260
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PCB 104
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v

Figure 2.3: Cardiac morphology is disrupted as early as 3 dpf by 10 µg/L PCBs. Fluorescent
Tg(myl7:GFP) twu34 fish treated with 10 µg/L PCBs and Aroclors and heart morphology was
measured for Spanning Length (red dotted line) and Running Length (yellow line) (A’).
There are significant differences in heart morphology between controls (A), PCB 126 (B),
Aroclor 1016 (C), Aroclor 1242 (D), Aroclor 1254 (E), and Aroclor 1260 (F). There was no
control PCB 126 A-1016
A-1242
significant difference between controls (A) and PCB 104 treated fish (G).
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We found that normal cardiac morphology is disrupted as early as 3 dpf in embryos
treated with 10 µg/L PCB 126 and Aroclor mixtures (Fig 3B-F). To quantify these observations,
measurements of the hearts in transgenic Tg(myl7:GFP)twu34 embryos were taken to quantify the
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flk:gfp

Aroclor
Aroclor
control
PCB
126
curvature of the heart. Specifically, we measured the Running Length (the length
1016of the heart 1242
B
D
A
C
along the path of blood flow) and the Spanning Length (a measure of the absolute distance

between inflow and outflow of the heart) (Fig 3A’). A ratio of these two measures defines the
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Ar
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Curvature Ratio and serves as a quantified indicator of the curved or linear nature the heart.
Properly developed hearts have Curvature Ratios nearing 1.5, while a ratio closer to 1 (a heart
with both Running and Spanning lengths nearly the same value) would be very linear and
abnormal (Fig 3A’, 3B).

Groups
Control
PCB 126
Aroclor 1016
Aroclor 1242
Aroclor 1254
Aroclor 1260
PCB 104

Average
Curvature
Ratio
1.431
1.188
1.281
1.293
1.279
1.294
1.385

p-value

p-value

4.83E-07

<0.005

0.002
0.007
0.004
0.004
0.161

<0.005
<0.05
<0.005
<0.005
ns

Table 2.1: p-values from Student T-test comparing Curvature Ratio
data sets of treatment groups to control heart measurements.

Comparisons using ANOVA of the Curvature Ratio among all treatment groups showed
significant differences (p=0.014). PCB 126 treated embryos have extremely linear hearts, while
other treatments induce deformities in either the ventricle or atrium in comparison to the
unexposed controls. Thus, post hoc Student T-tests were used to analyze the differences between
each treatment and control. Hearts in PCB 126 treated embryos have a severe and obvious
cardiac phenotype, which is highly significantly different from untreated embryos (p<0.0005)
(Fig 3B, Table 1). Hearts in embryos treated with all Aroclors show slight cardiac defects but are
significantly more linear with Curvature Ratios of about 1.28 or 1.29 compared with the control
Curvature Ratio of 1.43: Aroclor 1016 (p<0.05), Aroclor 1242 (p<0.05), Aroclor 1254
(p<0.005), and Aroclor 1260 (p<0.005) (Fig 3C-F, Table 1). There is no significant difference in
linearity between hearts of PCB 104 (Curvature Ratio of 1.38) and control-treated embryos
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(Curvature Ratio of 1.43) (Fig 3G, Table 1). Overall, all of the Aroclor treatments resulted in
significant changes to heart curvature, though visually they seem less impacted than PCB 126
exposed hearts which were also significantly different than controls. PCB 104 exposed hearts are
not significantly different from controls (Fig 3).
Vascular integrity, the ability of vessels to remain intact, is necessary for survival due to
its importance as a path for blood flow through the body. Examination of the developing blood
vessels along the trunk and tail may elucidate developmental defects of vascular development
derived from PCB and Aroclor exposure. The vascular endothelial cells can be visualized using
the transgenic zebrafish, Tg(flk-1:GFP), which allows visualization of progressive vascular
expansion and cellular migration along the horizontal myoseptum (Fig J, K). During
development of blood vessels within the tail, endothelial cells from the posterior caudal vein
migrate up between somites to the horizontal myoseptum. Between 4 and 5 dpf these cells
migrate along the horizontal myoseptum before migrating away to become lymphatic vessels
(Fig 4J) (Ellertsdóttir et al., 2010; Isogai et al., 2001; Hogan et al., 2009). In unexposed
embryos, few cells residing along the horizontal myoseptum can be seen at 3 dpf (Fig 4A). In
PCB 126 exposed embryos, there is little difference compared to controls in the number of cells
located along the horizontal myoseption (Fig 4B,C). Normally during development, these
numbers increase through 4 dpf (Fig 4D-F) as cells migrate and numbers of cells crossing
between intersegmental vessels again diminishes by 5 dpf as they migrate away (Fig 4G, I). PCB
126 treated embryos retain these cells later in development than unexposed embryos, suggesting
a halt in migration of these cells (Fig 4E, F, H, I). Compared to control embryos that retain at
most 6 cells migrating along the horizontal myoseptum by 5 dpf , PCB 126 exposed embryos at
the same age have up to 14 intersegmental crossings. Treatment of embryos with Aroclors or
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PCB 104 show normal development of blood vessels along the trunk and tail (data not shown).
These data suggest that there may be interruptions in cells ability to migrate with PCB 126, but
not PCB 104 or Aroclor exposure, suggesting cell adhesion defects. Such defects may impact
vessel integrity or healing.

control

PCB 126
B

D

E

C

4 dpf

3 dpf

A

H

5 dpf

G

Number of fish (%)

F

I
K

5 dpf

J

Number of Intersegmental Vessels

Figure 2.4: PCB 126 inhibits proper development of intersegmental vessels.
Tg(flk:GFP) embryos treated with PCB 126 retain a more juvenile phenotype of
intersegmental vessels (B,E,H) than untreated fish (A, D, G). Quantification of branches
crossing between intersegmentel vessel frequency at 3 (C), 4 (F) and 5 (I) dpf show
increased numbers of blood vessel branches in PCB 126 (red) treated fish compared to
control (blue) fish. A model of blood vessels at 5 dpf show the difference between
control and PCB 126 treated fish. Green lines represent established vessels including the
dorsal aorta, dorsal longitudinal anastomotic vessel, and intersegmental vessels. The red
lines represent transient vessel branching across the horizontal myoseptum (J,K).
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Liver & Pancreas development
A properly developed and mature digestive system is necessary for continued survival of
a fish. The liver and pancreas are major organs in this system that are needed for proper digestion
and nutrient uptake. Defects in either organ may lead to serious persistent disease states
including liver disease or diabetes (Shifrin and Toole, 1998; Desaulniers et al., 2005; Cogliano,
1998; Baker et al., 2013; Korenaga et al., 2007; Wallace and Pack, 2003; Ovando et al., 2006;
Tao and Peng, 2009). To assess possible defects in liver and pancreas morphogenesis, we again
took advantage of transgenic lines available in zebrafish. The liver was visualized in transgenic
zebrafish, Tg(fabp10:DsRed)gz4, at 5 dpf in embryos treated with10 µg/L of PCB 126, PCB 104
and each of the four Aroclors fish. There is a clear size and shape difference in livers of PCB 126
exposed embryos and more subtle size and shape differences between controls and other
treatments (Fig 5). While there is some variation in the unexposed control embryos, the livers in
the majority of fish are normally shaped (Fig 5A). All embryos treated with PCB 126 have
substantially smaller and more abnormally shaped livers than their untreated counterparts. The
majority, almost 70%, of Aroclor 1254 treated embryos have abnormal livers. In contrast,
Aroclor 1260 and PCB 104-exposed embryos have mostly normal livers with approximately
30% having abnormally shaped livers. Similarly, exposure to Aroclors 1016 and 1242 results in
embryos with mostly normal livers, and 40-45% of embryos have livers that are abnormally
shaped. This suggests that PCBs have an impact on liver development and may impair liver
function in growing fish, perhaps making them less able to compensate in situations of high
stress later in life.
The pancreas in embryos is also susceptible to impacts by PCB exposure. To further
explore implications of PCB and Aroclor exposure on the digestive system, the developing
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Figure 2.5: The liver is visualized
laterally in Tg(fabp10:DsRed)gz4
transgenic zebrafish at 5 dpf treated
with 10 µg/L PCBs. There is a clear
size and shape difference in PCB
126 treated embryos (B) and more
subtle size and shape differences
H
between controls (A) and other
treatments: Aroclor 1016 (C),
Aroclor 1242 (D), Aroclor 1254
(E), Aroclor 1260 (F), and PCB 104
(G). Quantification of liver size
across treatments was done at 5 dpf
(H) and shows that while PCB 126
had completely abnormal livers, all
other treatments have some extent
of abnormalities in liver
development.
pancreas was visualized with a double transgenic line of fish, Tg(ela:GFP) gz2;

F

Tg(ins:DsRed)m1081. The pancreas produces green fluorescent protein (GFP) and insulin
producing β-cells within the pancreas express red fluorescence (DsRed) in these transgenic fish.
Normally at 3 dpf, the pancreas is comma shaped, with a tight knot of insulin producing β-cells
in the rounded anterior portion of the organ (Fig 6A). PCB and Aroclor treated fish exhibit
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alternate organizational phenotypes of the insulin producing β-cells. In some cases, small ectopic
cells surround a main central group of tightly packed β-cells (Fig 6B). Alternately, some insulin
producing cells are loosely clustered together (Fig 6C). All contaminants tested elicited some
response in embryos; 20 – 40% of treated-embryos had some defect in pancreas development
(Fig 6D). When treated with Aroclors 1016, 1242 or 1260 approximately 20% embryos exhibit
defects in insulin organization of producing β-cells. PCB 126 induces a high prevalence of
loosely clustered insulin producing β-cells within the pancreas. Aroclor 1254 and PCB 104
induce a higher instance of ectopic cells surrounding the main insulin producing β-cell cluster.

A

D

loose
cluster

ectopic
spot

normal
B

C

loose
cluster
C
Figure 2.6: Analysis of
Tg(ela:GFP) gz2;
Tg(ins:DsRed)m1081 transgenic
fish at 3 dpf treated with 10
µg/L PCBs show that there are
different phenotypes of ectopic
insulin expression: Normal
expression of a single group of
cells (A) small singular ectopic
spots out of the main group (b)
or loose clusters of insulin
expressing cells (C). The
different phenotypes were
quantified in 3 dpf embryos (D)
and show a range of impacts of
PCBs on pancreas development.

The pancreas in Aroclor 1260 treated embryos are mostly normal with a small percentage of
clustered insulin producing β-cells and even fewer ectopic cells. All tested PCBs and Aroclors
produced defects in insulin cell organization in exposed zebrafish (Fig 6D). Early exposures of
PCBs induce abnormal development of digestive accessory organs and may lead to disease states
later in life.
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Survival and Growth
Little is known about the connection between embryonic contaminant exposure and
survival and growth of fish through adulthood, though there is much evidence showing that
congenital defects may lead to lasting effects in adults. To address this issue, treated embryos
were raised to adulthood under standard laboratory conditions. As the fish grew, survival and
size were tracked regularly through adulthood. Overall, survival of all PCB and Aroclor treated
fish is much lower than unexposed fish at three concentrations: 1, 10 and 100 µg/L (Fig 7). At
1000 µg/L, all exposed embryos die by 5 dpf. Survival of Aroclor 1016 treated fish ranges from
20 – 30% at all concentrations. Survival of Aroclor 1242 to adulthood is consistently 20%
between treatment concentrations, however, fish treated at higher concentrations die off more
quickly than fish treated at lower concentrations (fig 7B, C). Aroclor 1254 treated fish have
approximately 30% survival with a similar trend as Aroclor 1242 treated fish of slightly longer
survival at lower concentrations (Fig 7A) with a quicker demise at higher concentrations (Fig
7C) while the final survival is consistent among concentrations. Interestingly, Aroclor 1260
treated fish have variable survival rates between doses. At the lowest dose, 1 µg/L (Fig 7A),
there is a sharp decline early and more stable survival of approximately 20% through adulthood.

1 μg/L

B

10 μg/L

C

100 μg/L

Survival (%)

A

Age (dpf)

Age (dpf)

Age (dpf)

Figure 2.7: Survival through adulthood of zebrafish treated embryonically with PCB or
Aroclors at 1 µg/L (A), 10 µg/L (B), or 100 µg/L (C).
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Fish treated with 10 µg/L have a much higher survival of approximately 35% in Aroclor 1260
exposed fish with consistent mortality through development (Fig 7B), while at the highest dose
of Aroclor 1260 there is complete mortality of the treatment group early in the larval stage (Fig
7C). PCB 104 treated fish have lower survival with increasing concentration ranging from 45%
at 1 µg/L to 25% survival at 100 µg/L (Fig 7). PCB 126 treated larvae never survive past 15 dpf
at any concentration.
Growth of juvenile and adult fish treated at all concentrations of all six PCBs is not
statistically different than growth of untreated fish. There is no statistically significant difference
between sizes of specimens at any age for 1 µg/L exposed fish. All 10 and 100 µg/L treated fish
have no significant differences in fish size in juveniles and adults though there are initial
differences in young larvae at 15 dpf only. At 10 µg/L Aroclor 1016 treated fish are significantly
smaller than controls, though at following ages, there are no significant differences in size
between these groups (Fig 8B, Table 2). Aroclor 1016 along with Aroclor 1242 and PCB 104
exposed at 100 µg/L are significantly smaller at 15 dpf (Fig 8C, Table 2). By 30 dpf, fish
exposed to all contaminants and concentrations grow normally and are not significantly different
1 μg/L

B

10 μg/L

C

100 μg/L

Size (mm)

A

Age (dpf)

Age (dpf)

Age (dpf)

Figure 2.8: Growth through adulthood of zebrafish treated embryonically with PCBs or
Aroclors at 1 µg/L (A), 10 µg/L (B), or 100 µg/L (C). There is no statistically significant
differences in growth between any concentration or age with the exception 15 dpf larvae at
10 and 100 µg/L.
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from controls past 15 dpf (Fig 8). This data suggest that once a PCB exposed fish survives larval
stages, growth continues at a normal rate.

Age (d)

15
30
45
60
90

1 ug/L

NS
NS
NS
NS
NS

Concentration
10 ug/L
group (p=0.02)
ctrl-1016
(p=0.00795)
NS
NS
NS
NS

100 ug/L
group (p=6.14x10^-8)
ctrl-1016 (p=0.01986)
ctrl-1242 (p=0.00019)
ctrl-104 (p=8.56x 10^-7)
NS
NS
NS

Table 2.2: Table summarizing significance of ANOVA analysis and significant post-hoc
Student T-tests.
2.5 DISCUSSION
In ecosystems contaminated with PCBs, bioaccumulation and biomagnification through
the food web impacts animal growth, maturation, survival and reproduction at many levels (L.
Andersson, A. H. Berg, R. Bjerse, 2001; van de Merwe et al., 2011; Walters et al., 2008; Hable
and Nguyen, 2013; Walters et al., 2010). Studies show that PCBs are retained in blood serum of
humans exposed to PCBs, which can be passed from mother to fetus during pregnancy or to
infant through breast milk (Bloom et al., 2007; Bonfanti et al., 2009; Péan et al., 2013; van de
Merwe et al., 2011). Exposure to PCBs can lead to long-term impacts on the child similar to
impacts seen in animals exposed to contaminants in development (Heilmann et al., 2006;
Jacobson and Jacobson, 2006; Schantz, 1996; Daouk et al., 2011; Péan et al., 2013; He et al.,
2011). What is not well understood are the impacts of PCBs during early development, which is
difficult to study in mammals and avian species and in the field. Thus, the utility of externally
fertilized zebrafish should help clarify how early exposure to PCBs impacts the growing embryo
and subsequent life stages.
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This study aims to explore some of the effects of exposure of individual PCB congeners
and PCB Aroclor mixtures on zebrafish. We assessed organ defects from PCB exposure during
embryogenesis in the cardiovascular system, liver and pancreas. Surviving embryos were
allowed to mature while survival and growth measures were tracked through adulthood. We
expected a gradual dose dependent response curve of gross morphological phenotypes in
embryos treated with increasing dose. While there is a trend of increasing severity of phenotypes
in PCB 126, 104 and Aroclor 1242 treated embryos, gross morphological defects noted in
Aroclor 1016, 1254 and 1260 are more subtle and are most significant at the highest contaminant
concentration (1000 µg/L) (Fig 1). This dynamic nature of phenotypes with concentration is
interesting and may suggest that PCB uptake varies by dose. Analysis of the uptake of PCB 126
may hold a potential explanation.
Few studies have compared the body burden of PCBs in dosed embryos with the applied
concentrations. Here we have compared dosing with uptake of PCBs using using radiolabeled
PCB 126. There is an increase in amount of PCB 126 uptake with increasing concentration (Fig
2). Embryonic body burdens of 0.59 ng/g (0.1 µg/L treatment), 7.20 (1 µg/L treatment), 67.80
(10 µg/L treatment), and 191.23 ng/g (100 µg/L treatment) are greater than data collected by
Chambers et al (2012) using comparable body burden experiments in exposed Atlantic sturgeon
with burdens of 0.634 ng/g (0.1 µg/L treatment), 3.927 ng/g (1 µg/L treatment) and 27.02 ng/g
(10 µg/L treatment) and shortnose sturgeon with burdens of 0.195 ng/g (0.1 µg/L treatment),
1.236 ng/g (1 µg/L treatment) and 11.891 ng/g (10 µg/L treatment). In PCB 126 exposed
zebrafish, gross morphology, including craniofacial defects, small eyes, pericardial and yolk
edema, linear heart, short body length and curved tail, is impacted by 0.1 µg/L, which is a low
tissue concentration of 0.59 ng/g. This value is much lower than in comparison to shovelnose
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sturgeon presenting with morphological defects including craniofacial defects, linear heart, wolk
edema and upturned tail which were observed first in larvae with 80 ng/g body burden (Buckler
et al., 2015). This suggests that perhaps zebrafish are more sensitive to PCB 126 than other
larger fish species.
Gross morphology analysis provides a global perspective on the impact of the PCBs.
PCB 126 exposed embryos present with severely small eyes, and heads. They have reduced body
size and large pericardial and yolk edemas that are more severe with increased concentration.
Embryos treated with Aroclor 1016 have more mild phenotypes often presenting with curved and
bent trunks at 10, 100 and 1000 µg/L. Aroclor 1254 and 1260 exposed embryos show few
detrimental phenotypes until exposure concentration reaches 1000 µg/L, when embryos have
smaller heads and curved tails. Aroclor 1242 has a more severe phenotype with increasing dose
with embryos at 10, 100 and 1000 µg/L having pericardial and yolk edema and small heads and
eyes. PCB 104 exposed embryos have a variety of phenotypes by concentration including slight
pericardial edema at all concentrations, yolk edema at low concentrations (0.1, 1 and 10 µg/L),
while the whole body is curved and elongated at the highest concentration (1000 µg/L). Overall,
individual PCB congener (126 and 104) exposure results in the most severe phenotypes, while
the Aroclor treatments, except for Aroclor 1242, have more mild effects. This suggests that there
might be more active congeners within the mixture of Aroclor 1242 than the other Aroclor
mixtures impacting early development and gross morphology in zebrafish.
To gain greater insight into the mechanistic bases of specific phenotypes, we went on to
look closely at the development of several key organ systems, including the cardiovascular and
digestive systems. Proper cardiovascular development is necessary for continued survival of fish
and any disruption in early development may have severe consequences (Baker et al., 2013;
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Berdougo et al., 2003; Hicken et al., 2011; Singleman and Holtzman, 2012). Normally, a linear
heart tube in fishes undergoes looping and chamber ballooning before chamber rotation to the
final chamber conformation of the heart. PCB and Aroclor treated fish have hearts that are less
curved, or looped. Further, chamber ballooning is disrupted and heart development is stalled
(Figure 3B). Development of the cardiovascular system is stunted by PCB 126 exposure
resulting in embryos with extremely linear hearts (Fig 3B, Table 1) and immature trunk and tail
vasculature (Fig 4H,K). These data suggest that PCB 126 may play a role in halting or delaying
proper maturation of key steps in cardiovascular development, which is likely the fundamental
cause of the complete mortality seen in PCB 126 exposed fish at all concentrations (Clark et al.,
2010; Garner and Di Giulio, 2012; Grimes et al., 2008; Li et al., 2014; Liu, Nie, Lin, Ma, et al.,
2014; Şişman et al., 2007) 2007. In fact, cardiovascular defects are fairly common with exposure
to chemicals. Including dioxins and co-planar PCBs, acting on the Aryl hydrocarbon Receptor
pathway (Andreasen et al., 2002; Vasquez et al., 2003; S. a Carney et al., 2006; Korashy and ElKadi, 2006; Dong et al., 2010; Teraoka et al., 2010; Olufsen and Arukwe, 2011; Scott et al.,
2011; Lanham et al., 2014).
Though cardiovascular development may be vital for survival, proper digestive system
development is imperative for continued growth and survival of aging fish. Subtle defects in
accessory organs including the liver and pancreas may result in inability of fish to survive over
the long term or may lead fish to develop digestive organ diseases such as liver cirrhosis or
diabetes (Baker et al., 2013; Choi et al., 2010; Hardell et al., 2007; Kimmel et al., 2011; Kinkel
and Prince, 2009; Liu et al., 2013; Matsumura, 2009; Tehrani and Lin, 2011; Wallace and Pack,
2003). Cancers of the liver are known to develop in PCB exposed fish and mammals, including
humans, so understanding of the early impacts of toxins on liver development is important
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(Cogliano, 1998; Fromberg et al., 2011; Bunaciu et al., 2007; Wirgin et al., 1989; Gustavsson et
al., 1986; Krutovskikh et al., 1995; Strathmann et al., 2006; Yuan et al., 2001; Gustavsson and
Hogstedt, 1997; Tharappel et al., 2002). PCB 126 exposed embryos had that the most severely
impacted livers, but many of the Aroclors and PCB 104 exposed embryo also developed livers
that were abnormal (Fig 5). This may indicate that the developing livers are under stress and
perhaps may not be able in the future to function properly. Pancreatic development is impacted
by all treatments, resulting in changes of the location and possibly number of insulin producing
β-cells (Fig 6). These defects in pancreas development may present a major problem for fish to
develop diabetes-like symptoms. Both the liver and pancreas are necessary for providing
homeostasis and long-term survival of fish (Dong et al., 2007; Wallace and Pack, 2003; TimmeLaragy et al., 2015). Early defects seen in these fish may explain some of the reduced survival of
treated fish in comparison to controls.
Given the gross morphological and organ level changes, it seems likely that survival and
growth would be impacted in treated embryos. Not surprisingly, PCBs and Aroclors reduce longterm survival of fish compared to unexposed controls. Embryos treated with PCB congeners and
Aroclors had reduced survival compared to controls within the range of 15 to 40%. Though this
range narrowed with increased exposure concentration, survival was markedly decreased with
any PCB congener or mixture exposure (Fig 7). At all three concentrations (1, 10 and 100 µg/L)
the highest rate of mortality occurs during the larval stages, before 45 dpf. Interestingly, it seems
that once a PCB or Aroclor exposed fish survives through larval morphogenesis (later than 45
dpf), it grows at the same rate as untreated controls (Fig 8, Table 2). This unexpected result
suggests that fish that have established coping mechanisms for survival through embryogenesis
and larval stages will grow appropriately for their age. This also suggests that while the survival
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of the fish is lower than unexposed fish, the fish with the most normal growth are those that
survive to adulthood.
In total, our data shows there are a wide variety of consequences from exposure to
different PCB exposures. Though survival through adulthood of treated fish varies significantly
among treatments, growth of surviving fish is relatively normal. This suggests that once a PCB
exposed fish reaches a certain age, it has the compensatory strategies needed to survive. Those
fish that survive are likely the embryos that exhibited less severe phenotypes. Decreased survival
in exposed embryos is important when considering the broader impacts of this study. Chambers
et al. (2012) showed decreased survival in PCB and TCDD-treated shortnose and Atlantic
sturgeon, two species with populations living and breeding in PCB contaminated waters such as
the Hudson River. Shortnose and Atlantic sturgeon treated with PCB 126 show the same severe
gross morphological phenotypes as seen in zebrafish. These similarities in cardiac response
between wild fish species and the zebrafish lab model indicate likely parallels with Aroclor
response. The less severe response in zebrafish exposed to low concentrations of Aroclors is
different from the treatments with individual PCBs. The combinations of PCBs in the mixtures
contain fewer toxic PCBs than the individual congeners themselves. Perhaps this accounts for the
differences in severity of phenotypes seen between individual PCBs and Aroclor mixtures.
Overall, Aroclors at lower concentrations cause less defects in organ development and those fish
that do exhibit extensive defects are likely the fish to not survive to adulthood. Exposure to
individual PCBs induces more severe phenotypes in gross morphology and organ development
and contributes to the reduced survival of these fish.
In conclusion, together these data show that both individual PCBs and Aroclor mixtures
of PCBs result in impacts to the growth and survival of specimens from embryogenesis through
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adulthood. Seemingly small defects to early organ development may result not only in long-term
health impacts, but also in eventual death of the fish. Disruptions to cardiovascular development
have striking effects on developing fish, often leading to early mortality. However, less
pronounced organ defects, such as abnormally shaped livers, or improperly organized insulin
producing cells in the pancreas may lead to lasting problems in fish that survive to adulthood. It
is well known that PCB exposure in fish, birds and mammals, including humans, can result in
many long-term health consequences including cancers, reproductive defects and reduced
survival. Further exploration into the effects of early life stage exposure is needed and this study
aimed to add data to this research niche (Akahoshi et al., 2006; Billsson et al., 1998; Bloom et
al., 2007; Bonfanti et al., 2009; Calò et al., 2010; Chambers et al., 2012; Clark et al., 2010;
Cogliano, 1998; Daouk et al., 2011; Fonnum and Mariussen, 2009; Grimes et al., 2008; Li et al.,
2014; Mayes et al., 1998; Péan et al., 2013; Safe, 1992; Ulbrich and Stahlmann, 2004).
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Chapter 3: Similarities of the impact of dioxin-like compounds on early heart
development in the endangered Atlantic sturgeon (Acipenser oxyrinchus
oxyrinchus) and the laboratory model zebrafish (Danio rerio)

3.1 ABSTRACT
Fish living and breeding in waterways contaminated with dioxin (TCDD) and dioxin-like
polychlorinated biphenyls (PCBs) may suffer lethal or sub-lethal consequences including cancers
and impairment to normal developmental and reproductive processes. Atlantic sturgeon
(Acipenser oxyrinchus oxyrinchus) inhabit coastal and estuarine waters along the Atlantic Coast
of North America, spawning and experiencing early life-stages in riverine and estuarine habitats,
many of which contain contaminants. While some information is available on consequences of
exposure to dioxin-like contaminants, the data are mainly from model organisms. Little is known
about the responses of wild fish populations to these contaminants and whether their responses
are similar to those of laboratory models. This study uses immuno-histochemical staining to
visualize effects on cardiac development following exposure of Atlantic sturgeon and zebrafish
(Danio rerio) embryos to graded concentrations of dioxin and dioxin-like compounds including
PCB mixtures (Aroclors). Atlantic sturgeon and zebrafish hearts showed similar cardiac
deformities when exposed to TCDD, PCB 126, and Aroclors but the degree and stage-specificity
differed between these two species with responses by Atlantic sturgeon being less severe and
more variable. TCDD and PCB 126 caused hearts to either not loop or loop improperly early in
cardiac development, while Aroclor exposure resulted in hearts with chambers that did not
balloon. These contaminants have a clear impact on development and survival of sturgeon larvae
and may hinder the recovery of this endangered species. The similarities between these distantly
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related fish establishes zebrafish as a useful model for studying cardiac development in wild
populations of sturgeon and other fishes.

3.2 INTRODUCTION
Contaminants threaten the health and survival of aquatic organisms exposed to polluted
water and sediments around the world. In the eastern United States, these contaminants are often
associated with industry, urbanization, and agriculture, and are known to persist in sediments of
aquatic habitats eliciting detrimental developmental responses in many fishes including
endangered taxa such as shortnose sturgeon (Acipenser brevirostrum) and Atlantic sturgeon (A.
oxyrinchus oxyrinchus) (Chambers et al., 2012; Roy et al., 2011). Population size in these
threatened sturgeon species has been reduced by overfishing, habitat loss, and pollution; some
populations of these sturgeon are showing signs of recovery due to the fishing moratorium on
endangered Atlantic sturgeon (Bain et al., 2007; Breece et al., 2013). These and other taxa will
not fully recover without attention to means of improving the quality of their habitats. Although
most of the adult life of an individual sturgeon is spent in coastal and shelf habitats, it returns to
freshwater rivers to reproduce. Atlantic sturgeon spawn in the freshwater reaches of tributaries
including the Hudson River (HR), New York, a system with a long history of contamination
(Bopp et al., 1998; Bain et al., 2007). Many organic contaminants have limited water solubility
and they accumulate in the river sediments, associate with lipids, and bioaccumulate up the
trophic web. Negatively buoyant eggs, including those of sturgeon, sink through the water
column and adhere to the sediments that they contact shortly after fertilization. Much of the prey
consumed by juvenile and adult sturgeon occupy the same potentially contaminated sediments
and these lipophilic contaminants may be transferred from mother to egg (Bopp et al., 1998;
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Feng et al., 1998; L. Andersson, A. H. Berg, R. Bjerse, 2001). Lastly, eggs undergo early
embryogenesis and larval maturation in contaminated riverbeds. Obtaining a clear understanding
of the extent and mechanistic basis of how contaminants impact developing fish is imperative for
developing policy to restore these species.
Man-made organic contaminants found in many rivers and tributaries include 2,3,7,8
tetrachlorodibenzodioxin (TCDD) and polychlorinated biphenyls (PCBs). TCDD is a lipophilic
industrial by-product and known carcinogen. PCBs are a group of chemicals that exist as either
coplanar or non co-planar congeners based on their three-dimensional structure. TCDD and
coplanar PCBs have similar chemical structures (Fig 3.1) and bind to the aryl hydrocarbon
receptor (AhR) in cells, causing similar toxicities in exposed organisms (Chambers et al., 2012;
Şişman et al., 2007; Ulbrich and Stahlmann, 2004; Safe, 1992; Mayes et al., 1998). TCDD,
PCBs, and PCB mixtures (Aroclors produced for industry by Monsanto) accumulate in fatty
tissue and are detrimental to survival, development, and reproduction of many exposed animals
(Bush et al., 1989; Safe, 1992; Ashley et al., 2003; Monosson et al., 2003; Ulbrich and
Stahlmann, 2004; Daouk et al., 2011; Chambers et al., 2012; Deshpande et al., 2008; Mayes et
al., 1998).

Figure 3.1 - PCB 126 and TCDD have similar structures
(A) Structure of TCDD. (B) Structure of PCB 126. Other PCB congeners have the same
base structure of biphenyl rings, but differ in the number and configuration of chlorine
atoms surrounding the rings.
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These contaminants also bioaccumulate up the trophic web, resulting in sublethal impacts
that may affect the life-span and fecundity of exposed animals and may be transferred from
mother to offspring through concentration in egg yolk (L. Andersson, A. H. Berg, R. Bjerse,
2001; Schecter et al., 1998; Petersen and Kristensen, 1998). Direct experimental application of
these contaminants to organisms has shown them to impair development and maturation
including in the heart (Antkiewicz, 2005; Grimes et al., 2008; Hill et al., 2003; Li et al., 2014;
Roy et al., 2011). Contaminant exposure affecting the heart, the first functional organ in the
developing fish, often lead to premature death (Hicken et al., 2011; Incardona et al., 2014). The
early functioning of hearts in vertebrate ontogeny, and the central role of the heart in normal
development, underscore its importance as a bioindicator of exposure to aquatic contaminants in
fish.
A large body of literature has been established on toxic effects of environmental
contaminants in different model vertebrates including fishes, birds and mammals. There is little
attempt, however, in direct comparisons of toxicities between wild species and laboratory
models. Studies of Atlantic sturgeon embryos treated with TCDD and PCB 126 not only exhibit
reduced survival but also an array of sublethal effects, e.g., size at hatching, development of
eyes, tolerance to starvation (Chambers et al., 2012), although the direct cause of reduced
survival is unknown. While studies using zebrafish (Danio rerio) and medaka (Oryzias latipes)
as model organisms show persistent cardiac defects as a result of early exposure to TCDD and
PCB 126 that likely result in reduced survival (Antkiewicz, 2005; Dong et al., 2010; Grimes et
al., 2008; Hill et al., 2004; Heiden et al., 2009; Li et al., 2014; Teraoka et al., 2002). The
genetics of many fish species are evolutionarily conserved and thus are likely to possess
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similarities in protein structure across taxa, including many native and model fish species. If so,
the use of molecular tools used in model organisms may translate well to native species. Here,
the target native species is a sturgeon – a group from a distant phylogenetic branch from
zebrafish. Similar responses to contaminants between these distantly related species would argue
for broader generalities regarding the mechanisms underpinning these responses.
The objectives of this study were to evaluate the cardiac defects of Atlantic sturgeon after
exposure to TCDD, PCB 126, and Aroclors, then to compare these responses to those observed
in zebrafish. We hypothesize that early demise and reduced growth in sturgeon larvae cited
above may also be due to heart defects as a consequence to contaminant exposure similar to
responses seen in zebrafish and medaka.

3.3 MATERIALS AND METHODS
Atlantic sturgeon
Atlantic sturgeon were collected from the Saint John River, New Brunswick, Canada and
spawned at hatchery operations in early July 2014. Embryos were shipped to the NOAA
Fisheries Howard Laboratory, Highlands, New Jersey, where they were kept in recirculating 1ppt (part per thousand) salt water overnight. Live eggs were sorted and counted into groups of 30
into glass treatment dishes, and exposed for 24-hr starting at 48 to 72 hpf (hr post fertilization).
Treatments included graded concentrations of TCDD (0.0005, 0.005, 0.05, 0.5, 5.0 and 50µg/L),
PCB 126 (0.1, 1.0, 10, 100, 1000 and 10000µg/L), and an Aroclor mixture of 40% Aroclor 1248,
40% Aroclor 1254, and 20% Aroclor 1260 (0.2, 2.0, 20, 200, 2000 and 20000µg/L), all dissolved
in an acetone carrier. Acetone and water controls were also included. Following exposure for 24
hr, embryos were maintained at 15°C in 250 mL of 1-ppt salt water in glass culture dishes (15 x
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11 x 4 cm). Dead embryos and hatched larvae were removed before twice-daily water changes.
Hatched larvae were placed in secondary containers, photographed the following day at ~ 34 hr
post-hatching, then fixed in 1% formalin for use in immunohistochemical assays.
Zebrafish
Zebrafish were maintained as described in Westerfield (2000) using an IACUC approved
protocol. Adults were crossed in mating tanks (Aquatic Eco-systems, Inc) and the resulting eggs
were treated with contaminants at the onset of gastrulation, approx. 4 to 5 hpf. Treatments
included graded concentrations of TCDD (0.005, 0.05, 0.5, 5.0 and 50µg/L), PCB 126 (1.0, 10,
100, 1000 and 10000µg/L), and an Aroclor mixture of 40% Aroclor 1248, 40% Aroclor 1254,
and 20% Aroclor 1260 (2.0, 20, 200, 2000 and 20000µg/L). Embryos were incubated at 28.5°C
for 24 hr in the treatments which matched the duration of exposures of Atlantic sturgeon
embryos. At 3 days post fertilization (dpf), embryos were collected, anesthetized in MS-222 and
0.5M KCl to stop their hearts in diastole, and fixed in 1% formalin. Fixed embryos were used in
immunohistochemical assays.
Immunohistochemistry
Wholemount immunofluorescence experiments were performed using MF20, a robust
antibody which binds to myosin, as the primary antibody and AlexaFluor anti-IgG2b-546 as the
secondary antibody (Singleman and Holtzman, 2012). Zebrafish embryos were fixed in 1%
formalin, then bleached in 3% H2O2 plus 1% KOH. Proteins in embryos were blocked in a 10%
sheep serum, 0.2% saponin in 2 mg/ml BSA/PBS solution 1 hr at room temperature, then
incubated overnight at 4°C in a 1:10 MF20 dilution. Embryos were incubated 3 hr at room
temperature in secondary antibody, AlexaFluor anti-IgG2b-546 (Fisher) (1:500 dilution), and
stored in 0.2% saponin in PBS.

89

The immunofluorescence protocol was modified for use in sturgeon larvae to account for
their increased mass and opaqueness relative to zebrafish embryos. The pericardium of sturgeon
larvae was removed to expose the heart, then fixed larvae were permeablized in a proteinase K
dilution (10 µg/ml). Larvae were incubated in blocking solution overnight at room temperature,
then incubated a second overnight wash at room temperature in the primary antibody dilution,
followed by a third overnight incubation at room temperature in secondary antibody. Stained
larvae were stored in 0.2% saponin in PBS.
Variable
Outer Curvature
Inner Curvature

Abbreviation
Definitions
OC
Outer curve of ventricle. Length measure from VC constriction
to AV constriction
IC

Inner curve of ventricle between conus and atrium. Length is
measured from VC constriction to AV constriction

AV Constriction Width

AVW

Measured width of constriction between ventricle and conus.
Eventual site of outflow valve

VC Constriction Width

VCW

Measured width of constriction between atrium and ventricle.
Eventual site of atrioventricular valve

Heart Perimeter

HP

Perimeter of entire heart, ventricle and atrium in zebrafish,
conus, ventricle and atrium in sturgeon

Heart Area
Chamber Overlap

HA
CO

Area of heart determined by calculation of area within HP
Overlap of ventricle and atrium measured as distance between
the apex of ventricle and the top of atrium

Running Length

RunL

Spanning Length

SpanL

Length measured through the heart (path of blood flow) from
inflow of atrium to outflow of ventricle
Length measured in a straight line from inflow of atrium to
outflow of ventricle

Curvature Ratio

CR

Curvature ratio is calculated by the division of RunL by SpanL

Table 3.1 – Measurement Definitions
Definitions of measurements collected from images of stained Atlantic sturgeon hearts.
Depictions of each measurement is shown in Figure 2.

Stained Atlantic sturgeon larvae and zebrafish embryos were photographed using a
stereoscope microscope (Leica or Zeiss SteREO Discovery V12) and camera (Zeiss
AxioCamMRc) with its associated programming (Zeiss AxioVision). Various measurements of
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hearts of sturgeons and zebrafish (Table 3.1, Fig 3.2) were taken from each photograph using
ImageJ v 1.40 (NIH 2008) in order to quantify and contrast differences in size and shape of
hearts among treatment groups and species.

Figure 3.2 - Cardiac Morphometric Measurements taken in zebrafish and Atlantic
sturgeon
(A) Zebrafish heart from a ventral view at 3dpf. BA= bulbous arteriosus, V=ventricle, A=
atrium, a= anterior, p=posterior, r= right and l= left. B and C show measurements taken
for each measured cardiac variable. (B) Running Length (RunL), Spanning Length
(SpanL), Heart Area (HA) and Heart Perimeter (HP) are labeled. (C) Ventricle-Conus
constriction Width (VCW), Atrium-Ventricle constriction Width (AVW), Outer
Curvature (OC), Inner Curvature (IC), and Chamber Overlap (CO) are labeled. Scale bar
= 0.1mm. (D) Atlantic sturgeon heart from a ventral viewat 1dph. C= conus arteriosus,
V=ventricle, A= atrium, a= anterior, p=posterior, r= right and l= left. E and F show
measurements taken for each measured cardiac variable. (E) Running Length (RunL),
Spanning Length (SpanL), Heart Area (HA) and Heart Perimeter (HP) are labeled. (F)
Ventricle-Conus constriction Width (VCW), Atrium-Ventricle constriction Width
(AVW), Outer Curvature (OC), Inner Curvature (IC), and Chamber Overlap (CO) are
labeled. Scale bar = 0.1mm. Definitions of measurements are found in Table 1.
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Statistical Analysis
Morphometric measurements of hearts were analyzed in a two-step process. First,
because multiple measurements from one individual are expected to be inter-dependent and
collinear, the set of measurements were reduced to a smaller number of new and independent
variables using Principal Component Analysis (PCA). Inspection of loadings of the original
variables onto the new PC scores allows for interpretation of the relative contributions and
covariance of the set of original morphometric measurements. The PC scores were then analyzed
for differences among concentrations within contaminants for each contaminant and for both
species using one-way (contaminant as factor) multivariate analysis of variance (MANOVA). All
calculations and tests were performed with SYSTAT v. 11 (SYSTAT Software Inc. 2004).

3.4 RESULTS
Heart development in zebrafish is a well-documented developmental process. The linear
tube, the first functional structure in heart development, begins pumping blood at 1 dpf (Fig
3.3E). This linear heart tube undergoes morphological changes which loops the heart into an “S”
shape by 2 dpf (Fig 3.3F). Between 2 and 3 dpf, distinct chambers of the heart, the ventricle and
atrium, balloon, resulting in rounded chambers oriented side-by-side, laterally, (Fig 3.3G)
(Glickman and Yelon, 2002). While zebrafish have ballooned chambers at 3 dpf, when embryos
are just beginning to hatch, Atlantic sturgeon hearts do not reach this stage of heart development
until 1 to 2 dph (7 to 10 dpf) (Fig 3.3C,G). The hearts of Atlantic sturgeon and zebrafish are
strikingly similar during the looping and ballooning stages of cardiac development and likely
have similar mechanisms underpinning these developmental stages (Fig 3.3). An interesting
difference is that the conus arteriosus in the Atlantic sturgeon is muscular and marked with
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MF20, while the matching bulbous arteriosus in zebrafish is not. Treatment with each
contaminant presented impaired phenotypes compared to the controls for both Atlantic sturgeon
and zebrafish disrupting different stages of cardiac development.

Figure 3.3 – Atlantic sturgeon and zebrafish hearts develop in parallel
Atlantic sturgeon and zebrafish hearts stained with MF20 to visualize cardiac
morphology through development show strong parallels between different species.
(A-D) Atlantic sturgeon hearts. (E-H) zebrafish hearts. Stages of cardiac
development is similar between both species: (A, E) linear heart tube, (B, F) Looped
“S” shaped hearts, (C, G) distinct chambers balloon, and (D, H) the chamber rotate
into their final configuration.

The phenotypes observed in both Atlantic sturgeon and zebrafish were quantified for
further analysis of developmental changes by taking measurements from images of antibodiesstained hearts. Among the morphometric variables of heart size and shape (Fig 3.2, Table 3.1),
measures reflecting heart looping or curvature were major contributors to the variance among
treatment groups. As the heart loops during normal development, the atrium and ventricle move
from an anterior-posterior to a side-by-side positioning which increases the degree of Chamber
Overlap (CO) (Fig 3.2). CO measures the lateral overlap of ventricle and atrium. Normally, the
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CO will increase as the heart loops and changes from a linear heart tube to an “S” shaped looped
organ (Fig 3.3). Smaller overlap indicates a more linear heart orientation whereas larger overlap
is correlated with greater looping of the heart. Other morphometrics also expose linearity of the
heart (Fig 3.2, Table 3.1). The Spanning length (SpanL), or total length measured from inflow to
outflow can be compared to the Running length (RunL) of the heart, a measure of the distance
that blood flows through the heart between inflow and outflow. This comparison indicates how
curved the heart is via the Curvature Ratio (CR). The CR is defined as a ratio of running length
to spanning length. Hearts with reduced curvature, or those, which are most linear have a CR
approaching 1, whereas properly curved hearts have CR values greater than one.
Initial observations suggested that PCB 126 exposure resulted in the most severe
phenotypes visually. Primary assessment of morphometric variables was done using PCB 126
exposed Atlantic sturgeon. To determine which variables of heart morphometric measurements
can explain how the heart changes between contaminants and concentrations, broad scale
statistical analysis in the form of PCA was needed. PCA is a statistical tool that identifies
Principal Components (PC) to explain variance between samples. Each PC is differentially
influenced by each measured variable (Table 3.2) and tends to change with contaminant
concentration. The weight (loading) of these variables indicates that PC1, and thus much of the
variance in heart morphology (41.1%), is impacted by the degree of heart curvature by CO, CR
(RunL/SpanL) and Outer curvature (OC). Inner curvature (IC), ventricle-conus constriction
width (VCW) and Running Length (RunL) contribute to PC2 (21.5% of variance) indicating that
the hearts remains more linear (PC2) with increasing concentration (p=0.03). PC3 (12.8% of
variance) is influenced most by the ventricle-conus constriction and atrio-ventricular constriction
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widths, and it decreases with contaminant concentration suggesting that hearts become narrower
with increasing concentration.
The loadings of CO, Span L, CR and OC were greatest among all variables in their
contribution to the first PC dimension, which account for over 41.1% of the overall variance
among all original variables (Table 3.2). Based on the PCA data, CO, CR and OC had the most
influence in explaining changes in heart development following contaminant exposure. These
measures assess how looped or linear the heart is. This implies that the most common cardiac
defect caused by PCB 126 exposure is that hearts remain linear, further suggesting that PCB 126
acts to disrupt cardiac development at the heart’s earliest functional stages. This data helps
confirm the reduced ballooning and looping disruption observed in PCB 126 treated hearts at
high concentrations. As cardiac looping is most impacted based on the PCA analysis and shown
by PC loadings, it was prudent to assess heart linearity in all treatments in a direct comparison to
concentration (Table 3.2).

Variable
OC
IC
AVW
VCW
HP
HA
CO
RunL
SpanL
CR

PC1
(41.1)
0.834
-0.216
0.447
0.209
0.836
0.727
0.747
-0.209
0.830
0.776

PC2
(21.5)
0.003
0.623
0.396
0.551
0.451
0.369
-0.373
0.770
0.012
-0.485

PC2
(12.8)
0.300
0.230
-0.550
-0.649
-0.142
0.412
0.135
0.422
0.113
-0.138

Table 3.2 – Component Loadings
of each morphometric variable
in PCB 126 treated Atlantic
sturgeon
Percentage of total variance
explained by each principal
component is in parenthesis.
Component loadings, or weights of
each variable’s contribution to
each principal component is listed,
bolded values indicate variables
with the most impact.
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TCDD
Hearts of normal untreated Atlantic sturgeon larvae at 1dph have two fully ballooned,
laterally oriented chambers with the larger ventricle slightly anterior to the atrium. Hearts of
TCDD-exposed Atlantic sturgeon larvae have defects in ballooning and looping that increase
with TCDD concentration (Fig 3.4A). The chambers of these impaired hearts appear to overlap
and balloon less and to be more linear than observed in untreated hearts. TCDD-exposed Atlantic
sturgeon hearts, while visually different from controls, did not deviate significantly from control
hearts (Fig 3.4B). Zebrafish hearts developing normally have two ballooned chambers with
lateral orientation by 3 dpf. TCDD exposed zebrafish had decreased looping and curvature
resulting in elongated and narrow hearts with failure of ballooning of chambers oriented with the
ventricle anterior to the atrium (Fig 3.3B). This characterization is similar to that seen in earlier
stages (e.g., 1 dpf) of zebrafish heart development. With increasing concentrations of TCDD, the
hearts of zebrafish were more developmentally impaired than observed for Atlantic sturgeon.

Figure 3.4 – Hearts exposed to TCDD are more linear with increasing concentration
Atlantic sturgeon and zebrafish hearts were stained with MF20 to visualize cardiac
morphology. Hearts of 1 dph Atlantic sturgeon (A) and 3 dpf zebrafish (C) were treated early
in development with increasing doses of TCDD (0, 0.005, 0.05, 0.5, 5, and 50ppb). With
increasing dose, Atlantic sturgeon hearts (A) show slight retention of cardiac linearity by visual
observation. Zebrafish hearts (C) have obvious morphological changes resulting in more linear
hearts with increasing dose. (B, D) Heart images were quantified and changes in heart linearity
by dose were assessed through CR. (B) Statistical analysis shows no significant change by
concentration of linearity on Atlantic sturgeon hearts exposed to TCDD. (D) There is a
significant trend to linearity in TCDD exposed zebrafish hearts (p< 0.001).
96

Zebrafish hearts were increasingly linear compared to controls with increasing concentrations of
TCDD (p<0.001, Fig 3.4D).
Atlantic sturgeon are a wild species with high genetic diversity compared to the isogenic
nature of zebrafish, a highly inbred laboratory model (Whiteley et al., 2011; Coe et al., 2009).
The statistical differences between species may be accounted for by the high variability in
genetics in Atlantic sturgeon, which may explain the diverse morphological response of sturgeon
to TCDD (Fig 3.4B,D).

PCB 126
The most severely impaired heart phenotypes in Atlantic sturgeon occurred in response to
increasing concentrations of PCB 126 compared with treatments of other contaminants. As the
concentration of PCB 126 increased, hearts of both species tended to be more linear and
narrower than untreated fish (Fig 3.5A,C). In both Atlantic sturgeon and zebrafish, as
concentration increased, heart morphology changed from hearts that were normally looped and
ballooned (Fig 3.5A,C; 0 ppb) to hearts that remain severely linear, which is more reminiscent of
early stages of heart development (Fig 3.5A,C; 50 ppb). The impairments to cardiac morphology
included elongated hearts, reduced looping and ballooning, and reduced distinction of chambers
(Fig 3.5A, C). Many Atlantic sturgeon hearts were curved slightly, looping was incomplete, and
ballooning was nearly nonexistent (Fig 3.5A). Zebrafish hearts treated with PCB 126 responded
similarly to the pattern in Atlantic sturgeon hearts, though zebrafish exhibited a more severe
linear phenotype (Fig 3.5B). Interestingly, though the severe defects to looping processes were
clearly observed in both Atlantic sturgeon and zebrafish, this pattern was not statistically
significant in Atlantic sturgeon (Fig 3.5B) while it was highly significant in zebrafish (p<0.001)
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(Fig 3.5D). Again, this is likely due to the high diversity in genotype causing reduced severity in
phenotypes between individual Atlantic sturgeon hearts. Additionally, Atlantic sturgeon may be
less susceptible to contaminant exposure doses than zebrafish.

Figure 3.5 – Hearts exposed to PCB 126 are more linear with increasing concentration in
both species
Atlantic sturgeon and zebrafish hearts were stained with MF20 to visualize cardiac morphology.
Hearts of 1 dph Atlantic sturgeon (A) and 3 dpf zebrafish (C) were treated early in development
with increasing doses of PCB 126 (0, 1, 10, 100, 1,000, and 10,000ppb). With increasing dose,
Atlantic sturgeon hearts (A) show a progression toward linearity with increasing dose by visual
observation. Zebrafish hearts (C) have obvious morphological changes resulting in more linear
hearts with increasing dose. (B, D) Heart images were quantified and changes in heart linearity
by dose were assessed through CR. (B) Statistical analysis shows no significant change by
concentration of linearity on Atlantic sturgeon hearts exposed to PCB 126, though there is a
clear trend observed. (D) There is a significant trend to linearity in TCDD exposed zebrafish
hearts (p< 0.001).

Aroclor
Not unexpectedly, Aroclor exposure yielded a milder effect on cardiac defects. Aroclors
are mixtures of many PCBs and thus have proportionately fewer PCBs that cause cardiac defects
compared to pure exposures of PCB 126 or TCDD. Aroclor exposed Atlantic sturgeon hearts
were looped by 1 dph but had inconsistent and irregular ballooning of the atrium or ventricle (Fig
3.6A). Hearts of Aroclor exposed Atlantic sturgeon also tended to have less distinct and only
slight ballooning of chambers and slight looping defects. Some hearts are more linear than
untreated controls, but this phenotype is less pervasive in Aroclor treated fish than in TCDD or
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PCB 126 exposed fish. A similar response to Aroclor treatment on heart phenotypes was also
seen in zebrafish (Fig 3.6C). Zebrafish hearts had ballooned chambers as expected at this stage
of development. However, the atrium and ventricle, which should be laterally oriented, were
often oriented with the ventricle more anterior to the atrium. Though exposed Atlantic sturgeon
hearts had visually defective hearts, their heart morphology was not statistically different from
controls (Fig 3.6B). However, hearts of Aroclor exposed zebrafish did differ significantly from
hearts of untreated controls (p<0.001), though the linearity of higher dosed hearts were less
obvious compared with trends observed in other contaminants (Fig 3.6D).
Exposure to each contaminant resulted in parallel response in Atlantic sturgeon and
zebrafish. Of the three contaminants in this study, PCB 126 impacted cardiac development most
severely during looping of the heart tube in Atlantic sturgeon and zebrafish (Fig 3.5).
Interestingly, comparisons of morphometric data between contaminants show increased
variability in Atlantic sturgeon hearts over zebrafish hearts, even in control fish. This is

Figure 3.6 – Atlantic sturgeon and zebrafish hearts exposed to Aroclor do not show
changes in linearity
Atlantic sturgeon and zebrafish hearts were stained with MF20 to visualize cardiac
morphology. Hearts of 1 dph Atlantic sturgeon (A) and 3 dpf zebrafish (C) were treated early
in development with increasing doses of Aroclor mixture (0, 2, 20, 200, 2,000, and
20,000ppb). With increasing dose, Atlantic sturgeon hearts (A) zebrafish hearts (C) do not
have defects in linearity, but have slight morphological defects in chamber development and
orientation (B, D) Heart images were quantified and changes in heart linearity by dose were
assessed through CR. (B) Statistical analysis shows no significant change by concentration of
linearity on Atlantic sturgeon (B), though zebrafish do have significant differences between
controls and hearts exposed to Aroclors (D).
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supported by observational data as well as statistical analysis of TCDD and PCB 126 response.
While Atlantic sturgeon hearts are visually less curved with increasing concentration of TCDD
and PCB 126 exposure, the trend is not statistically significant, while zebrafish hearts exhibiting
the same trend are significantly different from control hearts.

3.5 DISCUSSION
Although Atlantic sturgeon was historically an important commercial species and is now
considered endangered, little is known about the role of environmental factors in its early
development. This lack of baseline information limits the study of the consequences of
environmental contaminants on its early development. Survival of many animals requires a
functional heart and many pollutants have been shown to compromise heart development and
function including PCBs or PAHs (Incardona et al., 2014; Carro et al., 2013; Grimes et al., 2008;
Gamperl and Farrell, 2004). In normally developing zebrafish, the initial cardiac looping then
chamber ballooning are completed by hatching. In zebrafish, the heart tube loops by 1 dpf,
defining the two heart chambers (atrium and ventricle). Heart chamber ballooning, which further
differentiates the chambers, is concurrent with increasing heart function and efficiency (Bartman
and Hove, 2005; Glickman and Yelon, 2002). A final rotation of the chambers, placing the
ventricle and atrium in anterior-posterior orientation, is achieved by 5 dpf and completes early
heart development (Singleman and Holtzman, 2012). The heart matures through cellular shape
change and proliferation, which are directed by changes in gene expression (Bakkers, 2011;
Glickman and Yelon, 2002).
These developmental stages are well documented in zebrafish but similar information has
been limited for most sturgeon species including Atlantic sturgeon (Icardo et al., 2004; Colombo
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et al., 2007; Icardo et al., 2009). Though Atlantic sturgeon and zebrafish seem on the outset to be
very different morphologically; Atlantic sturgeon have a long lifespan of up to 60 years, can
grow up to 5 meters long, live in temperate coastal waters and are benthic feeders, while
zebrafish live approximately 2-3 years, grow to be 2-3 cm in length, and are a tropical pelagic
fish. These differences are also reflected in embryonic development as Atlantic sturgeon undergo
embryogenesis in 7 to 8 days at 15 °C while zebrafish complete embryogenesis in 3 days at 28.5
°C.
This study utilized Atlantic sturgeon embryos in a novel way and tested the limits of
immunohistochemistry. By modifying zebrafish techniques, we were able to observe very early
stages of normal heart development in Atlantic sturgeon, not previously recorded (Fig 3.3).
Observations made here suggest that heart development in Atlantic sturgeon is far more similar
to that of zebrafish than expected (Fig 3.3). Hearts of Atlantic sturgeon undergo the same
developmental steps during heart development and are looped and in the process of chamber
ballooning by 1 dph (7 to 8 dpf). The parallels in cardiac development between zebrafish and
sturgeon support the use of zebrafish as a model for sturgeon heart development.
To function properly for a fish at a given stage of development, the heart must loop and
balloon in stage-appropriate ways. Contaminant exposure impedes heart development and most
likely will reduce individual fitness if not lead directly to mortality. Atlantic sturgeon and
zebrafish heart maturation is disrupted by each of the contaminants used here but at different
stages of cardiac development and to differing degrees, resulting in heart morphology with
different cardiac defects. Analysis of heart morphology showed that early exposure to TCDD and
PCB 126 resulted in more linear hearts in both species while Aroclor mixture treatment resulted
in less severely linear hearts but with greater ballooning defects.
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Both TCDD and PCB 126 exposed embryos exhibited hearts with a clear progression of
reduced looping and increased linearity with increasing contaminant concentration in both
species. The chambers in these hearts did not balloon properly, potentially a consequence of
retaining a more juvenile state. As blood flow demands changes with body size, reduced cardiac
maturation may lead to lethal or sublethal long-term effects. The trend in TCDD-exposed hearts
in both Atlantic sturgeon and zebrafish was toward reduced curvature, however, the severity of
response was less in sturgeon than zebrafish (Fig 3.4). A similar progression of this less curved
or linear phenotype by concentration is more striking in hearts of both species for PCB 126
exposed embryos (Fig 3.5). Further, PCB 126 exposed sturgeon and zebrafish perish within a
few days after hatching. Zebrafish embryos with linear hearts have reduced blood flow as larvae
and die when the blood-flow requirements supersede the heart’s ability to move blood which
typically occurs soon after hatching (Bartman and Hove, 2005; Glickman and Yelon, 2002; Hu et
al., 2000). Increased mortality in PCB 126 exposed sturgeon suggests a similar response to that
seen in zebrafish.
Toxic Equivalency Factors (TEF) determines the toxicity of a contaminant in relation to
the toxicity of TCDD. The TEF of TCDD is 1, TEFs are calculated in relation to 1, where TEF
values lower than 1 indicate the degree of reduced toxicity in comparison to TCDD, while
chemicals with TEFs of 1 have equivalent toxicity to TCDD. PCB 126 has a TEF of 0.005 (Van
den Berg et al., 1998; Buckler et al., 2015). The concentration spread for TCDD and PCB 126
exposures match this TEF equivalency. Interestingly, our data suggest that cardiac toxicity in
PCB 126 treated Atlantic sturgeon is actually more toxic than the current TEF, though in
zebrafish the toxicity seems to be consistent with the TEFs of TCDD and PCB 126.
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The Aroclor mixture used here contains a ratio of Aroclors similar to those found in the
Hudson River (Lisa Rosman and Jay Field, personal communication). A variety of individual
PCB congeners are contained within this mixture including coplanar PCBs, like PCB 126, and
non-coplanar PCBs. TCDD and coplanar PCBs are known for their high LD50 and act on the
AhR pathway (Moriguchi et al., 2003; Andreasen et al., 2002; Bock and Köhle, 2006). Noncoplanar PCBs, in contrast, activate different pathways including the estrogen receptor pathways
(Noguerol et al., 2006). Thus, TCDD and PCB 126 are predicted to elicit similar responses in
impaired phenotypes while a mixture of coplanar and non-coplanar PCBs might have different
effects based on the operative pathways affected by components of that PCB mixture. This may
be the basis of the different observations observed here for Aroclor effects on Atlantic sturgeon
and zebrafish. Aroclor-exposed sturgeon and zebrafish embryos showed less consistency of
responses overall. There is inconsistency in curvature response in both fish species when
exposed to Aroclor, though as a group, hearts of treated zebrafish were more distinctly linear
when compared to the controls than was the case for Atlantic sturgeon. Our data suggest that
TCDD and PCB 126 impact different steps of cardiac development than Aroclors, which is
consistent with different operative mechanisms of PCBs within the mixture. Further, Aroclors
often contain PCBs that may have fewer amounts of AhR agonists.
There are many contributing factors to the variability seen in sturgeon heart development
of contaminant-exposed groups as well as the unexposed controls. Atlantic sturgeon used here
were offspring of wild parents from the St. John River, New Brunswick. Their offspring are a
genetically heterogenous group relative to our spawning stock of zebrafish. Prolonged selection
of zebrafish in captivity combined with its short lifespan and high degree of inbreeding have
resulted in highly isogenic populations with individuals in a clutch being nearly identical
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genetically (Nasiadka and Clark, 2012). These attributes, along with established husbandry
protocols have made zebrafish a uniquely useful model vertebrate for studies of developmental
genetics. Though there are differences between species, zebrafish are a useful model for
identifying response of fish hearts to contaminant exposure.
Lastly, zebrafish appear to be significantly more sensitive to contaminant exposure than
Atlantic sturgeon. This may be due to the lack of genetic diversity among the individual
zebrafish compared to that of the Atlantic sturgeon used in these experiments. Although we
believe that the higher genetic diversity of the Atlantic sturgeon increased the observed
variability in the phenotypic response and thus blurring statistical distinction among some
groups, from an ecological perspective, this genetic diversity is an asset. It increases the chances
that some individuals in wild populations will persist in the face of selection pressures by these
and related contaminants.
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Chapter 4: PCB and TCDD derived embryonic cardiac defects result from a novel AhR
pathway

4.1 ABSTRACT
Polychlorinated biphenyls (PCBs) and 2,3,7,8-tetrachlorodibenzodioxin (TCDD) are
environmental contaminants known to impact cardiac development, essential to survival of many
organisms. While some information is available on the consequences of these contaminant
exposures to different fish species, little is understood of the mechanism causing cardiac defects.
Both contaminants cause failure of cardiac looping in early heart development. In addition, the
muscular myocardium and inner endocardial lining of the heart fail to properly adhere in both
zebrafish and Atlantic sturgeon suggesting faults in gap junction protein function. Both
phenotypes represent dire cardiac defects that can lead to cardiac failure and fish lethality. This
study explored the mechanism triggering cardiac defects using immunohistochemistry. We
hypothesized that PCB and TCDD activated AhR, phosphorylates Src, which then
phosphorylates the endothelial gap junction protein, VEcadherin. VEcadherin expressed in the
endocardium and vasculature maintains endocardial integrity. When phosphorylated, VEcadherin
dimers separate, reducing tissue integrity. In zebrafish, treatment with these contaminants leads
to higher phosphorylation of VEcadherin in cardiac tissue suggesting that these cells have
reduced connectivity. Inhibition of Src phosphorylation prevents contaminant-stimulated
phosphorylation of VE cadherin and rescues cardiac function and gross morphology. Atlantic
sturgeon hearts show parallels to zebrafish in cardiac phenotype at the tissue level. These data
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suggest that the mechanism for PCB and TCDD action in the heart is unique from the current
mechanism established in the literature and that cardiac defects are impacted by this alternate
mechanism.

4.2 INTRODUCTION
Co-planar (dioxin-like) polychlorinated biphenyls (PCBs) and 2,3,7,8tetrachlorodibenzodioxin (TCDD) are man-made chemicals contaminating many environments
around the world. Both PCBs and TCDD collect in apipose tissue, are detrimental to survival and
reproduction, and are linked to developmental problems in the brain and heart, and cancers in the
liver and thyroid (Mayes et al., 1998; Safe, 1992; Ulbrich and Stahlmann, 2004; Birnbaum,
1995). Often, early disruptions of embryonic or larval development cause cessation of growth,
maturation and ultimately death. However, embryos that survive likely retain effects of exposure
through maturation impacting growth, reproduction and long-term survival (Gamperl and Farrell,
2004). This is because small changes in organ development can produce functional but
compromised organs. Fish living and breeding in contaminated waters suffer the consequences
of exposure throughout their lifespan both through initial direct contact with the contaminants
and bioaccumulation of contaminants (Bush et al., 1989; Hicken et al., 2011; Incardona et al.,
2014; Monosson et al., 2003).
PCBs and TCDD are common containments in waterways and thus have a great impact
on fish viability. These contaminants impact heart maturation thus reducing fitness and
likelihood of fish survival and reproduction is hindered by PCB 126 and TCDD exposure
(Gamperl and Farrell, 2004; Li et al., 2004; Bartman and Hove, 2005; Chapter 1). The
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importance of heart development to fish survival reaffirms the importance of studying embryonic
heart development to identify potential long-term consequences of aquatic toxin exposure in fish.
While many studies use model fish species including the zebrafish, comparisons of models to
wild species impacted by contamination are needed to realize the breadth of contamination
impacts. The use of the well-studied laboratory model zebrafish enables the utilization of many
genetic and molecular tools to study PCB and TCDD impacts on development (Auman et al.,
2007; L. Andersson, A. H. Berg, R. Bjerse, 2001; Antkiewicz, 2005; S. A. Carney et al., 2006;
Daouk et al., 2011; Grimes et al., 2008; Segner, 2009). Atlantic sturgeon are an endangered
species native to PCB and TCDD-contaminated waters. Comparisons between the evolutionarily
divergent zebrafish and Atlantic sturgeon will provide valuable information for understanding
local contamination impacts in wild species. Further, use and modification of zebrafish-based
techniques in Atlantic sturgeon enable broader use of genetic and molecular tools in other fish
species impacted by PCBs and TCDD.
Co-planar PCBs, including PCB 126, and TCDD have similar chemical structures and act
on a common set of molecular pathways, causing similar effects in a wide array of exposed
organisms (Fig. 4.1). The most well established mechanism for PCB 126 and TCDD action
begins with the binding of the contaminant to the cytoplasmic Aryl hydrocarbon Receptor
(AhR). Activation of the AhR complex typically results in the de novo expression of genes
involved in metabolic processes in liver, heart, and endothelial cells. When activated, the AhR
complex enters the nucleus, binds to Aryl hydrocarbon receptor nuclear translocator (ARNT),
and promotes gene expression, often of cyp1A. cyp1A has increased expression in PCB 126
treated embryos in the heart, liver and intestine of shortnose and Atlantic sturgeon showing that
these organs are directly impacted by contaminant exposure (Roy et al., 2011). This is
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recognized as the genomic AhR pathway. In zebrafish, cyp1A is also up-regulated in PCB 126
and TCDD exposed embryos (Carney et al., 2004; Handley-Goldstone, 2005). Further, PCBs
impact gross morphology and PCB 126 treated hearts are shown to be smaller and misshapen
(Grimes et al., 2008; Li et al., 2014; Chapters 1 and 2). The heart is the first functioning organ
and begins pumping blood very early in development. The first functional stage of heart
development is when the heart is a linear tube. The linear heart tube undergoes morphological
changes looping the heart into a sigmoid shape followed by ballooning of chambers into the
ventricle and atrium, resulting in rounded laterally oriented chambers (Fig 4.2A) (Glickman and
Yelon, 2002). These processes only happen when tissue response to developmental cues,
including blood flow induced shear stress, occurs normally. Hearts in PCB 126 and TCDD
exposed Atlantic sturgeon and zebrafish do not undergo proper cardiac looping or cardiac
ballooning, key points of development for proper function of the heart (Chapter 2).

Figure 4.1 - Hypothesized mechanism. (A) The genomic mechanism for PCB 126 or TCDD
activated AhR. AhR binds to ARNT and activates cyp1a expression. (B) Some activated AhR
phosphorylates Src, which remains outside of the nucleus. (C) Activated Src phosphorylates
VEcadherin resulting in separation of the dimer binding neighboring cells.
Though cyp1A is expressed in cells with activated AhR, there is little evidence that this
gene has any impact on cardiac or endothelial defects. When ARNT and cyp1A expression are
knocked down, cardiac defects persist, though removal of AhR function rescues cardiac
phenotypes (Andreasen et al., 2002; Antkiewicz, 2005; Carney et al., 2004; Scott et al., 2011;
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Van Tiem and Di Giulio, 2011). Thus, an alternate, nongenomic pathway by which AhR works
in the cell is likely to be accountable for the observed cardiac defects (Carney et al., 2004; Scott
et al., 2011). Indeed, there are many studies exploring non-genomic consequences of AhR
activation in the development of other organs (Hahn et al., 2009; Haarmann-Stemmann et al.,
2009; Mathew et al., 2009; Oesch-bartlomowicz and Oesch, 2009; Matsumura, 2009; Randi et
al., 2008; Vezina et al., 2009). AhR activation is known to cause the up-regulation and
phosphorylation of various proteins, including the tyrosine kinase Src (Dong et al., 2011; Enan
and Matsumura, 1996; Puga et al., 2002; Randi et al., 2008). Src phosphorylates Vascular
Endothelial cadherin (VEcadherin), a membrane-bound protein found in cardiovascular
endothelial cells (Vestweber, 2007). VEcadherin phosphorylation reduces the ability of
endothelial cells to remain bound to each other, resulting in dissociation of neighboring cells
which line the inside of the heart, the endocardium, and make up the vasculature (Dejana et al.,
2008; Gavard and Gutkind, 2006). VEcadherin morphants present phenotypes very similar to
those seen in PCB 126 and TCDD exposed zebrafish including pericardial edema, linear hearts
and separation of the endocardium and myocardium (Mitchell et al., 2010). PCB 126 and TCDD
likely impact binding of VEcadherin, decreasing the ability of vascular cells to bind
appropriately leading to loss of vascular integrity, fluid accumulation between the endocardium
and myocardium and thus separation of these two key cardiac layers. Maintaining proper
connection between the endocardium and myocardium is essential. As blood flows through the
heart and is pumped through the body, the forces of blood flow apply shear stress to the
endocardium which signals to shape changes in myocardial cells (Brutsaert, 2003). Separation of
these layers prevents correct signaling and thus obstructs myocardial response and normal
growth of the heart. Thus, we hypothesize that phosphorylation of Src by PCB 126 and TCDD
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activated AhR leads to separation of endothelial cells by phosphorylation of VEcadherin (Fig
4.1).
This study expands on previous studies by looking at specific consequences of PCB 126
and TCDD activation of the hypothesized nongenomic AhR pathway in zebrafish and Atlantic
sturgeon. To establish that VEcadherin is in fact phosphorylated in the same tissues impacted by
contaminant exposure, tissues were stained with CYP1A antibody as a marker for AhR
activation and phosphorylated VEcadherin specific antibody. Contaminant-exposed fish were
treated with SU6656, a Src inhibitor, to rescue the phenotype and establish the connection
between AhR activation and VEcadherin phosphorylation involves Src phosphorylation.
Chambers et al. (2012) established that Atlantic sturgeon sustain developmental disruption
subsequent to PCB 126 and TCDD exposure, shown by morphological defects and decreased
survival to hatching. We have tested the hypothesis that developmental consequences caused by
PCB 126 and TCDD observed in zebrafish are mimicked in sturgeon. This was done with the use
of immunohistochemical staining using MF20 and CYP1A antibodies, which showed similar
phenotypes in tissue development to exposed zebrafish. Current evidence suggests a common
non-genomic pathway for cardiac phenotypic response to contaminant exposure in both species.

4.3 METHODS
Zebrafish contaminant exposure
Zebrafish were maintained as described in Westerfield (2000) using an IACUC approved
protocol. Wildtype AB adults (for immunohistochemistry) or Tg(myl7:DsRed); Tg(flk:GFP)
transgenic fish were mated in groups with a 1:1 male: female ratio. Fish were removed from
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system circulation the night before mating and placed in mating tanks (Aquatic Eco-systems,
Inc.) lined with mesh (for egg separation). The following day, the resulting eggs were collected
and screened for infertile eggs, then incubated at 28.5°C until onset of gastrulation.
PCB 126 (99% purity) and TCDD were purchased from AccuStandard, Inc. (New Haven,
CT). Both contaminants were first dissolved in 1 mL acetone (Fisher), then aliquots were
removed to make stock solutions. Treatment solutions were made fresh by adding acetone to
appropriate volume of PCB 126 or TCDD stock solution in stender dishes for final
concentrations of 1, 10, and 100µg/L (PCB 126) and 0.05, 0.5 and 5µg/L (TCDD) with 0.75%
acetone in 10 mL 1X Embryo Media (EM). Blank controls and vehicle controls (0.75% acetone)
were made concurrently for each treatment replicate.
Embryos were incubated at 28.5°C beginning at approximately 4-5 hours post
fertilization (hpf) for 24 hours in the treatments solutions. Live embryos were then transferred,
via wide bore glass pipette, to fresh EM for continued incubation until 3 days post fertilization
(dpf). Embryos were collected, anesthetized in MS-222 and incubated in 0.5M KCl for 5 to 10
minutes to stop their hearts in diastole. Wildtype fish were fixed in 1% formalin for
immunohistochemical staining (Singleman and Holtzman, 2012). Transgenic embryos were
fixed with 4% paraformaldehyde and imaged using a stereoscope microscope (Zeiss SteREO
Discovery V12) and camera (Zeiss AxioCamMRc) with its associated programming (Zeiss
AxioVision) or on Leica SP5 Confocal with its associated programming (LAS AF Version
2.0.2).
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Inhibitor exposure
Src phosphorylates VEcadherin at tyrosine residues (Dejana et al., 2008; Yoshioka et al.,
2011), so a tyrosine kinase specific inhibitor, such as SU6656, was most appropriate for use in
inhibition experiments to prevent Src phosphorylation of VEcadherin. A subset of zebrafish
embryos treated for 24 hours in contaminants were incubated with 10µM SU6656, a Src inhibitor
(95% purity, purchased from Cayman Chemicals), beginning at 31 hpf. Src is required for proper
development early in embryogenesis, so treatment of embryos after initial body and heart
development was necessary to focus on cardiac impacts of Src. The inhibitor solution was made
in the same way as contaminant solutions by adding the appropriate volume of SU6656 stock
solution in DMSO (Sigma-Aldrich) to a final concentration of 10µM and 0.75% DMSO in a
stender dish with 10mL EM. At 3 dpf embryos were collected, anesthetized in MS-222 and 0.5M
KCl and then were fixed in 1% formalin for immunohistochemical staining.
Atlantic Sturgeon contaminant exposure
Atlantic sturgeon embryos were acquired from hatchery operations on the Saint John
River, New Brunswick in Early July 2016. Embryos were kept in recirculating 1 part per
thousand (ppt) salt water overnight, then sorted into treatment dishes. Treatments included
1.0µg/L PCB 126 and 1.0µg/L TCDD in an acetone carrier (AccuStandard). Following 24 hour
contaminant treatment, embryos were grown in 1 ppt salt water in glass dishes at 22°C. Dead
embryos were removed before each of the twice-daily water changes. Hatched larvae were
removed twice daily as well, placed in secondary containers and photographed the following
day. Photographed larvae were collected and fixed in 1% formalin for use in
immunohistochemical assays.
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Immunohistochemistry
Wholemount immunofluorescence experiments were performed in both zebrafish and
Atlantic sturgeon using MF20, to visualize cardiac musculature, and CYP1A (Cayman
Chemicals), to detect tissue-specific AhR activation, as primary antibodies, with AlexaFluor
anti-IgG2b-546 and AlexaFluor anti-IgG3-488 as secondary antibodies as previously described
(Singleman and Holtzman, 2012). Zebrafish were also stained with an additional primary
antibody, anti-phospho VEcadherin (pVEcad) (Sigma Aldrich) with associated secondary
antibody, AlexaFluor goat anti-rabbit-405. Zebrafish embryos that were fixed in 1% formalin for
1 hr, and had tails removed before being blocked in a 10% sheep serum, 0.2% saponin in 2mg/ml
BSA/PBS solution for 1.5 hours at room temperature. Embryos were then incubated overnight at
4°C in primary antibody at a 1:10 MF20, 1:400 CYP1A, 1:50 pVEcad dilution. Secondary
antibodies (1:500 dilution) were diluted in 0.2% saponin and embryos were incubated overnight
at 4°C. Upon completion, stained embryos were stored in PBS at 4°C for up to one week until
photography of samples was completed.
The immunofluorescence assay was modified from the zebrafish protocol for use in
Atlantic sturgeon larvae. Atlantic sturgeon larvae were permeablized with proteinase K dilution
(10 µg/ml) immediately following fixation. The tail and pericardium of Atlantic sturgeon larvae
were also removed during fixation. During incubation in blocking solution, primary antibodies,
and secondary antibodies, larvae were each kept overnight at room temperature on a shaker,
much longer than for zebrafish to ensure proper penetration of the reagents because of the
significantly larger size of the embryos.
Photography and measurements
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Stained zebrafish embryos were mounted in agar on glass bottom dishes following
removal of the pericardial tissue, while Atlantic sturgeon hearts were dissected and crosssectioned before mounting on glass bottom dishes with agar. All hearts were imaged using a
Leica SP5 Confocal with its associated programming (LAS AF Version 2.0.2). All samples for
each replicate were photographed on the same day to avoid changes in fluorescence over time
and all photos were taken using the same settings across samples within each replicate. 3D
maximal projections and individual slice snapshots of confocal image stacks were generated
using confocal programming. Images shown are representative of at least 10 samples.

4.4 RESULTS
These processes enabling maturation of the heart only happen when tissue response to
developmental cues, including blood flow induced shear stress, occurs normally. If VEcadherin
is impacted by contaminant exposure, the endocardium and myocardium may separate,
disrupting cardiac maturation. Indeed, treatment with PCB 126 or TCDD resulted in separation
of the endocardium and myocardium in transgenic zebrafish embryos (Fig 4.2, arrowheads).
With increasing concentration from 1µg/L to 100µg/L PCB 126 and 0.05 to 5µg/L TCDD, hearts
exposed to higher concentrations of either contaminant retain the premature linear heart tube
phenotype as they do not loop properly and their chambers cannot balloon appropriately. This
concentration dependent mechanism suggests a direct connection between amount of
contaminant exposure and response of the heart tissue layers (Fig 4.2).
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Figure 4.2 – Endocardial- myocardial separation in zebrafish.
Tg(myl7:DsRed);Tg(flk:GFP) myocardial cells express red fluorescence and endocardium
expresses green. Ventricle= v, atrium= a (A) control fish with endocardium and
myocardium tightly bound. Arrowhead shows separation between layers.

To test whether VEcadherin is in fact phosphorylated in PCB 126 and TCDD exposed
hearts, hearts of treated zebrafish embryos were immunohistochemically stained with an
antibody specific to pVEcad to visualize changes in VEcadherin phosphorylation (Fig 4.3).
There were increases in expression levels of pVEcad in fish hearts treated with both
contaminants compared to the unexposed control embryos (Fig 4.3B, C). Further, this increased
expression of pVEcad occurs in the same cells that have CYP1A expression. CYP1A expression
was used as a marker for contaminant activation of AhR in cells, and its co-localization suggests
a direct connection between PCB 126 or TCDD exposure and VEcadherin phosphorylation.
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Figure 4.3 – Increased phosphorylation of pVEcad in zebrafish and separation
of tissue layers in PCB 126 and TCDD exposed hearts. Immunohistochemical
staining using MF20 (magenta), CYP1A (green) and pVEcad (blue) primary
antibodies. (A) Untreated control hearts have very little expression of CYP1A and
pVEcad and connected endocardium and myocardium. (B) PCB 126 and (C) TCDD
exposed hearts have increased expression of CYP1A and pVEcad. (B, C)
Midsections show clear separation between endocardium and myocardium.
Ligand activated AhR is known to phosphorylate Src (Dong et al., 2011; Enan and
Matsumura, 1996; Tomkiewicz et al., 2012). To test the hypothesized connection between
activated AhR and phosphorylated VEcadherin by Src, we treated contaminant-exposed embryos
with a Src inhibitor. SU6656 is an inhibitor for the tyrosine kinase specific function of Src,
which can phosphorylate VEcadherin. Treatment of PCB 126 and TCDD exposed embryos with
10µM SU6656 drastically reduced gross morphological phenotypes (Fig 4.4). When treated at 31
hpf, there is a 75% rescue in PCB 126 treated embryos (Fig 4.4C) and 30% rescue in TCDD
treated embryos (Fig 4.4F).
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Figure 4.4 – SU6656 treated zebrafish have reduced gross morphological impacts from
PCB 126 and TCDD. (A) Control embryos with normal gross morphology. (B) PCB 126
exposed embryos have severe cardiac edema (arrowhead), short body length, and reduced
eye and head size (asterisk). (C) TCDD exposed embryos also have severe cardiac edema
(arrowhead), short body length, and reduced eye and head size (asterisk). (D) SU6656
control embryos grow normally. (E) PCB 126 and (F) TCDD exposed embryos treated with
SU6656 show less severe gross morphological impacts in defects in the eye, head, and body
length and have reduced pericardial edema (arrowhead).
Overall development of the fish were more normal, embryos grew to a similar length as
control siblings, craniofacial defects and pericardial edemas were greatly reduced in inhibitor
treated fish, and swimming behavior was improved as well. The heart contractions were more
regular and pumped blood more effectively in SU6656 treated fish than in exposed embryos not
treated with inhibitor. Immunohistochemical staining with MF20, CYP1A and pVEcad show
significantly reduced separation of endocardial and myocardial layers in PCB 126 exposed
embryos (Fig 4.5B) and reduced pVEcad expression in both PCB 126 and TCDD treated hearts
while CYP1A expression remains stable, suggesting that AhR is still being activated in those
tissues, while VEcadherin is less often phosphorylated in inhibitor treated embryos (Fig 4.5).
There are few studies comparing wild species to lab models. Often this is due to the
difficulty of obtaining wild samples and the difficulty of using molecular or genetic tools in wild
species. This study used established techniques for zebrafish and modified the procedures for use
in endangered Atlantic sturgeon larvae. Atlantic sturgeon were stained using
immunohistochemistry to mark proteins in the heart. Using antibodies for MF20 and CYP1A,
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visualization of the myocardial and endocardial tissue layers is made possible in the Atlantic

Figure 4.5 – SU6656, Src inhibitor, reduces pVEcad expression and separation of
tissue layers. Immunohistochemical staining using MF20 (magenta), CYP1A (green) and
pVEcad (blue) primary antibodies. (A) Untreated control hearts have very little expression
of CYP1A and pVEcad and connected endocardium and myocardium. (B) PCB 126 and
(C) TCDD exposed hearts have increased expression of CYP1A, but pVEcad expression is
close to control levels. (B, C) Midsections show slight separation between endocardium
and myocardium.
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sturgeon (Fig 4.6). While the more robust antibodies, MF20 and CYP1A were successful,
pVEcadherin, first used as a wholemount stain in zebrafish in this study, was unsuccessful in the
sturgeon larvae. In zebrafish, there is minimal expression of CYP1A in the endocardium of
untreated embryos (Fig 4.6A), while embryonic hearts exposed to PCB 126 or TCDD have
increased CYP1A expression in the endocardium as well as novel expression in the myocardium
(Fig 4.6B, C). Atlantic sturgeon treated with lower doses of PCB 126 and TCDD have
expression levels of CYP1A in the heart that are nearly equivalent between untreated and treated
larvae (Fig 4.6D-F). The concentrations of toxin exposure are much lower in the Atlantic
sturgeon than zebrafish (1µg/L versus 100 & 5µg/L for PCB 126 and TCDD, respectively),
which might explain the similarities in expression levels of CYP1A between controls and

Figure 4.6 – Endocardium and myocardium separation in zebrafish and Atlantic
sturgeon. Endocardium (green – CYP1A) and myocardium (magenta – MF20) are
shown. (A) Control zebrafish embryos and (D) Atlantic sturgeon control larvae have
endocardium and myocardium closely connected. (B) PCB 126 exposed and (C) TCDD
exposed zebrafish hearts have clear separation between layers while (E) PCB 126
exposed and (F) TCDD exposed Atlantic sturgeon hearts have more subtle separation
between heart tissue layers.
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exposed Atlantic sturgeon as well as the more subtle separation of layers seen in Atlantic
sturgeon as compared to zebrafish. Though there are differences in CYP1A expression between
zebrafish and Atlantic sturgeon, they both still show separation between the endocardial and
myocardial layers.

4.5 DISCUSSION
This study aimed to clarify the mechanism causing cardiac defects derived from of PCB
126 and TCDD exposure. Zebrafish hearts exposed to PCB 126 and TCDD have improperly
developed linear hearts and separated cardiac tissues (Fig 4.2). We hypothesized an alternate
non-genomic mechanism in the AhR pathway (Fig 4.1) such that contaminants cause cardiac
defects by activation of AhR leading to VEcadherin phosphorylation through a non-genomic
pathway involving Src. VEcadherin is indeed phosphorylated in tissues with activated AhR (as
visualized by CYP1A expression) (Fig 4.3). To verify Src’s involvement in this pathway we
treated contaminant-exposed zebrafish embryos with Src inhibitor, SU6656 to rescue the heart
defects from PCB 126 and TCDD exposure (Fig 4.4, 4.5). The results in zebrafish were
compared to data collected in Atlantic sturgeon exposed to PCB 126 and TCDD at similar
concentrations. When exposed to these contaminants, both fish have hearts that do not loop
properly with endocardial-myocardial separation (Fig 4.6). These organ level and tissue level
defects are highly similar, suggesting a similar mechanism is involved in causing these cardiac
phenotypes.
Zebrafish and Atlantic sturgeon exposed to PCB 126 and TCDD develop abnormal gross
morphology, as well as defects in heart morphology (S. a Carney et al., 2006; Grimes et al.,
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2008; Van Tiem and Di Giulio, 2011; Chapter 2). These defects are primarily a reduction of
curvature, ballooning of cardiac chambers, and the size of the heart. Further, hearts of
contaminant-exposed fish tend to pump blood less effectively and overall have less mature
hearts. Upon closer inspection, it is obvious that there are tissue adhesion defects in hearts of
exposed fish (Fig 4.2) (Auman et al., 2007; Chang et al., 2012; Chen et al., 2012; Mitchell et al.,
2010). Reduced blood flow through underdeveloped hearts will impact the continued maturation
of the heart (Bartman and Hove, 2005; Dietrich et al., 2014). Shear stress detected by
endocardial cells is necessary for the endocardium to signal the myocardial cells to grow and
mature correctly (Brutsaert, 2003). Disconnected cells and tissue layers, organ development and
maturation is disrupted, preventing proper continued development of the organ (Brutsaert, 2003;
Crosby et al., 2005; Dejana, 2004; Goody and Henry, 2010).
At the cellular level, TCDD and PCB 126 enter the cell and bind to the AhR, eventually
inducing expression of cyp1A. Although cyp1a is expressed in cells with activated AhR,
evidence indicates that CYP1A is not responsible for cardiac or endothelial abnormalities,
suggesting an alternate AhR pathway as the cause of these defects (Fig 4.1) (Andreasen et al.,
2002; Antkiewicz, 2005; Carney et al., 2004; Scott et al., 2011; Van Tiem and Di Giulio, 2011).
Activated AhR activates other cellular proteins, including phosphorylating tyrosine kinase Src
(Backlund and Ingelman-Sundberg, 2005; Dong et al., 2011; Enan and Matsumura, 1996; Kumar
et al., 1999; Tomkiewicz et al., 2012; Matsumura et al., 1997). Activated, phosphorylated Src in
the cytosol has many functions, including phosphorylating VEcadherin (Dejana et al., 2008;
Jopling and Hertog, 2007; Molina et al., 2007; Tomkiewicz et al., 2012; Yoshioka et al., 2011).
VEcadherin functions to bind neighboring cells and inappropriate phosphorylation results in the
dissociation of intercellular dimers, separating these cells (Orsenigo et al., 2012; Dejana et al.,
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2008; Vestweber, 2007) (Fig 4.1). The resulting increased permeability of the endothelium and
associated vascular leakage may drive separation of the endocardium and myocardium (inner and
muscle layers) of the heart (Orsenigo et al., 2012; Benn et al., 2015). TCDD and PCB 126
exposure likely leads to a decrease of vascular cells binding to each other, resulting in heart
deformities (Fig 4.2, 4.3).
Interestingly, studies have shown that phosphorylation of VEcadherin by Src is not
sufficient to cause significant permeability between endothelial cells (Adam et al., 2010).
Orsenigo et al. (2012) suggests that phosphorylation of VEcadherin alone cannot cause vascular
permeability, but requires inflammatory agents as well. Other studies have shown that AhR
activation leads to inflammatory response in cells, connecting at least two functions of AhR
activity leading to cardiac response. This is not unexpected or contrary to our findings. We found
increased VEcadherin phosphorylation in PCB 126 and TCDD exposed hearts, which was
rescued by Src inhibition with SU6656 treatments. However, while the Src inhibitor does have a
function in rescuing gross morphological defects, cardiac function and reduced phosphorylation
of VEcadherin, this rescue was incomplete. Src and VEcadherin are likely part of a complex
interaction of cellular responses to AhR-mediated contaminant responses. There is evidence of
PCBs and TCDD involvement with cytoskeletal functions including cellular migration and
division, and thus contaminant exposure may also play roles in the cardiac phenotypes observed
here (Tang, Yan, Wu, et al., 2007; Kung et al., 2009; Hable and Nguyen, 2013; Tang, Yan, Li, et
al., 2007).
Many of the same mechanisms activated during early embryonic development are similar
to those in the progression of cancer. Indeed, activated AhR has been known for a long time to
be involved with cancer development (Dietrich and Kaina 2010; Nahta et al. 2015). Src has been
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shown to be involved in contaminant-derived cancers and some studies connect AhR activation
of wnt/β-catenin mis-expression through Src phosphorylation or cadherin/catenin adhesion
disruption (Chesire et al., 2004; Nam et al., 2002; Xie et al., 2012; Xie and Raufman, 2015;
Tong et al., 2014; Xu et al., 2009). Further, there is some evidence that the wnt/ β-catenin
dissociation might involve VEcadherin in the cardiovascular system (Barbieri et al., 2008).
Clearly, there are many roles for Src and likely for AhR-activated Src during development and
cancer.
Finally examination of the comparisons between Atlantic sturgeon and zebrafish show
how similar the cardiac response is to contaminant exposure at a tissue level. Sturgeon embryos
were treated with PCB 126 and TCDD at three concentrations, the highest of which was 1µg/L.
A concentration of 1µg/L for TCDD treatments is in line with zebrafish treatments of 5µg/L,
while the treatment of PCB 126 at 1µg/L is 100-fold lower than the zebrafish exposures. Though
there was quite a difference in the PCB 126 treatment, there were still similar defects in cardiac
layer separation seen in both species. The similar phenotypes seen in gross morphological data
between zebrafish and Atlantic sturgeon (Chapter 2), coupled with the tissue specific data
presented here (Fig 4.6), indicate that there is a fundamental similarity between these
evolutionarily divergent species. This further implies that there might be a common mechanism
driving cardiac defects seen in many fish species exposed to AhR activating contaminants.
This research presents a novel approach to assessing the relationship between AhR and
VEcadherin via Src phosphorylation during early development. By using immunohistochemical
assays in whole mount embryos we were able to see in situ expression of proteins in the heart in
a way that has not been done before (Fig 4.3, 4.5). We were able to identify the extent of rescue,
not just on gross morphological and cardiac functional levels, but also on a molecular level with
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the use of antibodies specific to phosphorylated VEcadherin by treating contaminant-exposed
embryos with a specific inhibitor (Fig 4.4, 4.5). Evidence implicates a non-genomic pathway for
TCDD and PCB derived cardiac defects (Andreasen et al., 2002; Antkiewicz, 2005; Carney et
al., 2004; Scott et al., 2011; Van Tiem and Di Giulio, 2011). The alternate pathway presented
here is simple and there is likely more complex interactions between AhR, Src and VEcadherin
yet to be determined. Studies exploring the consequences of activated AhR in vascular adhesion
shows potential for interactions between VEcadherin and β-catenin (Barbieri et al., 2008; Chang
et al., 2012). While there is still more work to be done, this mechanism provides the framework
for future studies exploring the cellular mechanisms for cardiac defects in fish exposed to AhR
activating contaminants.
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Chapter 5. Conclusions

5.1 SUMMARY
Environmental contamination is a ubiquitous problem across many aquatic systems.
Many of the damaging contaminants are man-made organic pollutants, including TCDD and
PCBs. TCDD and PCBs cause skin lesions, cancer, learning disabilities, and reproductive
problems in many vertebrates, including humans. While many studies have aimed to understand
the consequences of TCDD and PCB exposure in animals, there are still many questions
unanswered. Both contaminants are known to impact survival, growth and organ development in
many fishes, including the Atlantic sturgeon. This thesis aims to fill gaps in the understanding of
TCDD and PCB exposure on zebrafish and Atlantic sturgeon early development.
Much of the current literature includes studies of either individual PCBs or Aroclors, but
few compare them. These comparisons are lacking in the literature but extremely important for
understanding the relationship between collected samples and laboratory assays. The goal of
Aim 1 was to relate the consequences of exposure to individual PCBs or Aroclors that are most
environmentally relevant during embryogenesis. This study identified the impact of PCBs on
zebrafish embryonic gross morphology, the development of key organs, as well as the resulting
consequences on survival and growth. Embryonic development was abnormal for most
treatments and the liver, pancreas, heart and vasculature showed significant impacts as well.
Exposure to PCB 126 resulted in the most severe phenotypes gross morphologically, and across
organ systems. Aroclor 1242 and PCB 104 also caused many defects in embryo development,
though these effects were focused more on gross morphology and cardiac development. Larvae
grown to adulthood were assessed for survival and growth. While survival through adulthood
was significantly reduced in PCB exposed fish, average growth rate of surviving fish was not
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impacted. Together, these data show that individual PCBs and Aroclors impact the fish from
embryogenesis through adulthood in different ways. Aroclors contain many individual PCBs and
the diversity of consequences suggests differing mechanisms driving these defects.
Atlantic sturgeon have historically frequented the contaminated waters along the Atlantic
coast during spawning seasons. Sturgeon migrate from the coast to their ancestral rivers each
year for spawning. This resulting in the next generation being exposed to contaminants as eggs
sink through the water column to rest in contaminated sediments and as growing larvae and
juveniles migrate down the river they consume contaminated prey and sediments. Adults retain
many of the lipophilic contaminants and through both maternal transfer of contaminants and
direct contact embryos may experience the impacts during development. A few studies in wild
fish species show pericardial edema (Chambers et al., 2012; Buckler et al., 2015; Dong et al.,
2010; Edmunds et al., 2015) suggesting heart defects and there are several studies in laboratory
model fish, including zebrafish exploring the cardiac impacts of TCDD and PCB exposure. This
work is one of the first studies comparing heart development between zebrafish and Atlantic
sturgeon. Further, this is the first study to visualize the larval Atlantic sturgeon heart to assess
contaminant effects early in development. Both fish had similar concentration-dependent cardiac
deformities upon embryonic exposure to TCDD, PCB 126 or Aroclors. The parallels between
these disparate fish establish zebrafish as a valuable model for studying sturgeon heart
development. These toxins have a clear impact on development and survival of sturgeon larvae
and may hinder the budding recovery of this endangered species.
Proper heart development is essential to survival of many organisms and the defects
identified in Atlantic sturgeon and zebrafish are severe. With increasing concentrations of TCDD
or PCB exposure, hearts become more linear and the muscular and endocardial layers separate.
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Though CYP1A is expressed in the heart, it is well established that its expression is not related to
cardiac defects (Carney et al., 2004; Antkiewicz et al., 2006). We surmised the endocardialmyocardial separation was due to disconnection of junction proteins in the endocardium,
specifically VEcadherin. We hypothesized that contaminant activated AhR phosphorylates Src,
which phosphorylates the junction protein VEcadherin, resulting in reduced adhesion of
endothelial cells. Using molecular tools to visualize and assess the embryonic and larval hearts,
this study explored the mechanisms causing cardiac defects. In zebrafish, VEcadherin
phosphorylation is increased in contaminant treated embryos. Further, when Src is inhibited,
CYP1A expression is consistent, while VEcadherin has reduced phosphorylation. Together these
data suggests that Src regulates the phosphorylation of VEcadherin following TCDD and PCB
126 exposure and this mechanism is connected with cardiac defects.
Historically, the fields of developmental biology and ecotoxicology were discrete. Many
molecular and genetic tools have been used more recently to cross the divide between laboratory
model organisms and more diverse species, which may play a role in combining these fields into
a burgeoning research field. The use of fish embryo toxicity (FET) tests (similar to the
embryonic experiments in Aim 1) is still within the first decade of standardized implementation
and its use is increasing. The research presented in this thesis shows that not only can the FET
test be used to examine acute embryonic effects, the tests can be expanded to assess long-term
consequences during maturation in embryonically treated fish. These fish can also be used in
multigenerational studies. Researchers in this growing field can use developmental techniques
like in situ hybridization to examine mRNA localization and immunohistochemical staining to
look at protein localization. Further, access to transgenic embryos can aid in the exploration of
the underlying genetic and molecular effects of exposure in vivo. These techniques have not
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often been used in ecotoxicology studies, but can be very useful in identifying the root causes of
defects, visualizing specific physiology impacted, or location of gene expression in situ, which
cannot easily be assessed with other techniques. Use of these techniques will move the field of
ecotoxicology from primarily observational to a field which studies the underlying mechanisms
of toxin and contaminant-derived defects.

5.2 BROADER IMPACTS
The strengths of these studies are that we were able to compare two evolutionarily
divergent species. Many Atlantic sturgeon populations breed and mature through the juvenile
stage in TCDD and PCB contaminated waters, growing to huge sizes over the course of decades.
Zebrafish are a tropical species used in many laboratory studies across different fields of biology
including ecotoxicology and development. They are relatively small in size and short-lived.
Many commonly used techniques in zebrafish, including immunohistochemistry, can be a
challenge in other species. This work shows how a modified technique can be very successful for
embryonic research of wild species.
Superficially, zebrafish and Atlantic sturgeon seem very different, however, many stages
of development are matched in both species and heart development is nearly identical. In both
fish species, the linear heart tube loops into a sigmoid shape as it contracts and begins pumping
blood. As the fish grows, the chambers of the heart become more distinct as they balloon and
expand, resulting in a heart with two spherical chambers oriented side by ide. These chambers
rotate into a final conformation where the ventricle is ventral to the atrium. The similarities in
normal heart development are further reflected in cardiac response to contaminant exposure, as
described in Aim 2. These data suggest the mechanism behind defects is similar between these
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distinct fish species and is likely conserved in other fish species found in contaminated waters.
Further, this new understanding and the techniques developed for use in this thesis allow for
expansion of contaminant studies in fish to other contaminants and other impacted wild species.
Toxic environmental contaminants including TCDD and PCBs are pervasive in waters
around the world. TCDD are byproducts of industrial activities that are found world wide and
PCBs were produced and used across the world for decades. While many countries have banned
PCB production, they may still be in use in some countries. Following implementation of the
Clean Water Act and Toxic Substances Control Act, PCBs have been on the list of dangerous
chemicals in need of removal from contaminated sites. The EPA established the Superfund
program to clean up contaminated sites. In the US, many Superfund sites are contaminated with
enduring pollutants including TCDD and PCBs that present a lasting problem for many
ecosystems. While there are many modern contaminants posing new threats to human and animal
health, TCDD and PCBs are persistent pollutants that will continually impact the lives of animals
exposed to them until cleanup and removal are done.
The work presented in this thesis will help move the knowledge base of TCDD and PCB
effects forward. To encourage use of these studies by interested government agencies, we
followed FET test guidelines and attempted to comply with OECD protocols. Here, techniques
from the different fields of developmental, molecular and ecological biology were used to better
clarify the developmental and molecular consequences in sturgeon and zebrafish following
contaminant exposure. The third aim of this thesis identified an alternate mechanism resulting in
cardiac defects. Understanding the pathways by which PCBs work will enable directed research
into the consequences of PCB action on compensation methods employed by exposed wild
species. Identifying the mechanisms of action of these toxins may help inform policy makers of
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present and future population concerns even after contaminant removal of sediments.

Not only is this work useful for informing policy makers on the impacts of contaminants in local
waterways and the need for cleanup, but it is also an opportunity for working with educators and
students. This work is relevant and attractive to students interested in fields ranging from
environmental policy to development to contaminant derived medical defects. Zebrafish-based
experiments are cost-effective and manageable for both undergraduates and high school students.
Indeed, some of this work was aided by high school and undergraduate students who are coauthors on the work in the first aim. Further, the techniques used in this body of work can be
expanded and even used in a classroom setting. The methods used in this work in widely
different species confirm the robustness of antibodies that will likely work well in other species,
broadening their utility for other research projects in non-model and wild species. Further, these
analysis assays are useful not just for TCDD or PCB studies, but in studies of any toxin with
impacts on heart development.
The primary goal of this thesis was to examine the impacts of contaminants on fish
development. This was done by assessing broad effects of a variety of PCBs on zebrafish
development, comparing cardiac defects in Atlantic sturgeon and zebrafish and elucidating a
novel mechanism for TCDD and PCB 126 derived cardiac defects in zebrafish. These studies
add to the understanding of TCDD and PCB exposure.
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Chapter 6.
Appendix A: Figures for Atlantic sturgeon staging series
Currently there are no staging series describing early developmental tags in Atlantic
sturgeon. Early embryogenesis in Atlantic sturgeon occurs in 7 to 8 days post fertilization during
which the embryo undergoes many dynamic changes. Following hatching, young larvae continue
to develop as they mature outside the chorion. Atlantic sturgeon eggs were obtained from
hatchery and grown in 1-part per thousand salt water at 15 °C. Embryos were photographed
using a stereoscope microscope (Leica or Zeiss SteREO Discovery V12) and camera (Zeiss
AxioCamMRc) with its associated programming (Zeiss AxioVision) at regular intervals to
capture many stages of development.
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Appendix B: Figures for shortnose sturgeon staging series
No staging series yet exists for shortnose sturgeon, another endangered species of
sturgeon residing in a similar habitat to Atlantic sturgeon. Shortnose sturgeon eggs were obtained
from hatchery and grown in 1-part per thousand salt water at 12 °C. Embryos were photographed
using a stereoscope microscope (Leica or Zeiss SteREO Discovery V12) and camera (Zeiss
AxioCamMRc) with its associated programming (Zeiss AxioVision) at regular intervals to
capture many stages of development.
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